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Abstract

We introduce the notion of a positive face structure. The positive face
structures to positive-to-one computads are like simple graphs, c.f. [MZ], to
free w-categories over w-graphs. In particular, they allow to give an explicit
combinatorial description of positive-to-one computads. Using this description
we show, among other things, that positive-to-one computads form a presheaf
category with the exponent category being the category of principal positive
face structures. We also present the Harnik argument in this context showing
that the w-categories are monadic over positive-to-one computads with the ’free
functor’ being the inclusion Comp‘*'/1 — wClat.
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1 Introduction

In this paper we present a combinatorial description of the category of the positive-
to-one computads Comp+/ L. We show, that this category is a presheaf category and
we describe its exponent category in a very simple combinatorial way as the category
of positive principal face structures stJr/ 1 see section 3. However the proof of
that requires some extended studies of the category of all positive face structures.
Intuitively, the (isomorphism classes of) positive face structures correspond to the
types of arbitrary cells in positive-to-one computads. The notion of a positive face
structure in the main notion introduced in this paper. We describe in a combinatorial
way, the embedding functor e : Comp™/' — wCat of the category of positive-to-
one computads into the category into the w-categories as the left Kan extension
along a suitable functor j, and its right adjoint as the restriction along j. We
end by adopting an argument due to V.Harnik to show that the right adjoint to
e is monadic. This approach does not cover the problem of the cells with empty
domains which is important for both Makkai’s multitopic categories and Baez-Dolan
opetopic categories. However it keeps something from the simplicity of the Joyal’s
f-categories, i.e. the category of positive face structures or rather the category of
positive computypes Ctypes;t/ 1, the full image of the former in wCat is not much
more complicated than the category of simple w-categories, the dual of the category
of disks, c.f. [J], [MZ], [Be]. In this sense this paper may be considered as a step
towards a comparison of these two approaches.

Positive face structures

Positive face structures represent all possible shapes of cells in positive-to-one com-
putads. A positive face structure S of dimension 2 can be pictured as a figure

S : S5
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and a positive face structure 71" of dimension 3 can be pictured as a figure
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They have faces of various dimensions that fit together so that it make sense to
compose them in a unique way. By S,, we denote faces of dimension n in S. Each



faces a has a face y(a) as its codomain and a non-empty set of faces §(a) as its
domain. In S above we have for a;

v(a1) = x4 and §(ar) = {ws5,z6, 29}

and in T" we have for 3

¥(B) =bo and &(8) = {b1,b2,b3}

This is all the data we need. Moreover, these (necessarily finite) data satisfy four
conditions (see Section 3 for details). Below we explain them in an intuitive way.

Globularity. This is the main condition. It relate the sets that are obtained by
duble application of v and §. They are

77v(a) =~6(a) — 66(a), 0y(a) = d6(a) —vd(a).
Let us look how it works for two faces a; and (3. In case of the face a; we have
’75(01) = {53, 54,56}7 55(611) = {54, 56, 87}

yy(a1) = ss, 6v(ar) = {s7}

So we have indeed
d6(ar) —vo(ar) = {sa, s¢, 57} — {53,584, 86} = {s7} = 07(a1)

v6(a1) — 66(a1) = {83, 84,56} — {54,586, 57} = {s3} = {yy(a1)}

Similarly for the face 8 we have

¥Y(8) = yo, 6v(8) = {y1, Y4, 5, Y6 }

v6(83) = {yo, y2, Y3}, 66(8) = {y1, y2, Y3, Y4, Y5, Y6 }

and hence

v6(B) — 60(8) = {vo, y2,¥3} — {y1,¥2,¥3, Y4, Y5, ¥6} = {wo} = {1(B)}

60(B) —v6(B) = {y1,Y2, Y3, ¥4, Y5, Y6 } — {v0,y2,¥3} = {y1, Y4, ¥5, 96} = 07(f)

As we see in both cases a; and ( the first actual formula is a bit more baroque
(due to the curely brackets around yy(a1), vy(3)) that in the globularity condition
stated above. However in the following we omit curely bracket on purpose to have a
simpler notation hoping that it will contribute to simplicity without messing things
up.

Using §’s and 4’s we can define two binary relations <™ and <~ on faces of the
same dimension which are transitive closures of the relations <™ and <1, respec-
tively. a < b holds iff there is a face o such that a € §(«) and y(a) = b, and a <™ b
holds iff v(a) € §(b). We call <t the upper order and <~ the lower order. The
following three conditions refer to these relations.

Strictness. In each dimension, the relation <™ is a strict order. The relation <™
on 0-dimensional faces is required to be a linear order.

Disjointness. This condition says that no two faces can be comparable with
respect to both orders <t and <.

Pencil linearity. This final condition says that the sets of cells with common
codomain (y-pencil) and the sets of cells that have the same distinguished cell in the
domain (J-pencil) are linearly ordered by <.



The morphism of positive face structures are functions that preserves dimensions
and operations v and §. The size of a positive face structure S is defined as an infinite
sequence of natural numbers size(S) = {size(S)ktrew = {Sk — 0(Sk+1) }kew (almost
all equal 0). We order the sequences lexicographically with higher dimensions being
more important. The induction on the size of face structures is a convenient way
of reasoning about positive face structures. Dimension of a face structure S is the
index of the largest non-zero number in the sequence size(S). If for k < dim(S)
(k < dim(95)), size(S) = 1 then S is principal (normal). The normal positive face
structures plays role of the pasting diagram in [HMP] and the principal positive face
structures plays role of the (positive) multitopes. Note that, contrary to [HMP], we
do not consider either the empty-domain multitopes or the pasting diagrams. The
precise connection between these two approaches will be described elsewhere. On
positive face structures we define operations of the domain, codomain, and special
pushouts which plays the role of composition. With these operations (isomorphisms
classes of) the positive face structures form the terminal positive-to-one computad,
and at the same time the monoidal globular category in the sense of Batanin.

Categories and functors

We shall define the following categories

pFst/! S
i k
‘ J
Fst/l —— Ctypes:g/l

(=)

Y
Comp™/! e wCat

+/1 +/1

where pF's is the category of principal positive face structures, F's is the cate-
gory of positive face structures, S is the category of simple categories c.f. [MZ], (—)*
is the embedding functor of positive face structures into positive-to-one computads,
e is the inclusion functor, Ctypes;r/ L is the full image of the composition functor
(—)*; e, with the non-full embedding j.

Having these functor we can form the following diagram

e

Comp™/! ~wCat
=) =) =) =)
\ Lan; i
sPb((Fst/1)oP, Set) sPb((Ctypess' )P, Set)
j*
i* Ran; k* Rany
Set(PFsT/H)or sPb(S°, Set)

in which all the vertical arrows comes in pairs and they are adjoint equiv-
alences of categories. The unexplained categories in the diagram above are:
st((Fer/ Dyor Set) - the category of the special pullback preserving morphisms
from (Fst/1)% to Set and natural transformations, sPb(S%, Set) - the category of



the special pullback preserving morphisms from S°° to Set and natural transfor-

mations, sPb( (Ctypes:f / 1)019 ,Set) - the category of the special pullbacks preserving

morphisms from (Ctypesf: / 1)°p to Set and natural transformations.

The functors (/—\) . Comp™/! — sPb((Fst/'), Set) and (/—\) : wCat —
sPb((Ctypess / 1)0p,Set) are defined similarly, due to the embeddings (—)* in the
previous diagram. For a computad ) and an w-category C, @) and C' are presheaves

so that for a positive face structure S we have

~

Q = Comp™/!(5*,Q) C = wCat(5*,C)

The adjoint functors (A—/) that produce w-categories are slightly more complicated.
They are defined in Sections 13 and 15. The other functors are standard. The
functors i*, j*, k* are inverse image functors. Ran; and Rany are the right Kan
extensions along i, k, respectively and Lan; is the left Kan extension along j.

Since we have e;(—) = (—); Lanj, and (—)’s are equivalences of categories, the
functor Lanj is like e but moved into a more manageable context. In fact we have
a very neat description of this functor.

The content

Since the paper is quite long I describe below the content of each section to help the
reading. Sections 2 and 3 introduce the notion of a positive hyper-graph and positive
face structure. Section 4 is concerned with establishing what kind of inclusions hold
between iterated applications of v’s and d’s. Section 5 contains many technical
statements concerning positive face structure. All of them are there because they
are needed afterwards. Section 6 describes the embedding (—)* : Fst/! — wCat i.e.
it’s main goal is to define an w-category S* for any positive face structure S. Section
7 describes rather technical but useful properties of normal positive face structures.
In section 8 we study a way we can decompose positive face structures if they are at
all decomposable. Any positive face structure is either principal or decomposable.
This provides a way of proving the properties of positive face structures by induction
on the size. Using this in section 9 we show that the w-category S* and in fact
the whole functor (—)* end up in Comp*/!. The next two short sections 10, 11
describe just what is in their titles: factorization in Ctypes:f / 1, and the terminal
positive-to-one computad in terms of positive face structures. Section 12 gives an
explicite description of all the cells in a given positive-to-one computad with the
help of positive face structures. In other words, it describe in concrete terms the
functor (—) : Comma,/! — Comp,/!. Section 13 establishes the equivalence
of categories between Comp” 1 and the category of presheaves over st+/ L In
Section 14 the principal pullbacks are introduced and the V.Harnik’s argument in
the present context is presented. Section 15 describes a full nerve functor

—

(=) : wCat — Set(Ctyvest )

and identifies its essential image as the special pullbacks preserving functors. Section
16 describes the inclusion functor as the left Kan extension

Lan; : sPb((Fs™/1)°P Set) — sPb((Ctypest/M)°P, Set)

with the formulas involving just coproduct (and no other colimits). This gives as a
corollary the fact that e : Comp” L' wCat preserves connected limits. Then it is
shown that the right adjoint to Lan;

j* 1 sPb((Ctypest/1)P, Set) — sPb((Fst/1)°P, Set)



(and hence the right adjoint to e : Comp*t/! — wCat) is monadic. In Appendix we
recall the definition of the category of positive-to-one computads.
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Notation

In the paper we will use both directions of compositions of morphisms in categories.
But each time we will write which way we compose the morphism. So, for the

composition of a pair of morphism =z 4, Y %, 2 we can write either figorgof.
w is the set of natural numbers.

2 Positive hypergraphs

A positive hypergraph S is a family { Sk } ke, of finite sets of faces, a family of functions
{Vk © Skt1 — Sk}rew, and a family of total relations {0 : Sk+1 — Sk}o<k<n-
Moreover dg : S1 — Sy is a function and only finitely many among sets {Si }rc. are
non-empty. As it is always clear from the context we shall never use the indices of
the functions ~ and §.

A morphism of positive hypergraphs f : S — T is a family of functions f} :
S — Ty, for k € w, such that the diagrams

Sk+1 LIS Tkt Sk+1 Tit1
7J \v 5J {5
S T S T

F fr F F Ir F

commute, for k& € w. The commutation of the left hand square is the commutation of
the diagram of sets an functions but in case of the right hand square we mean more
than commutation of a diagram of relations, i.e. we demand that for any a € S>1,
fa : 0(a) — 0(f(a)) be a bijection, where f, is the restriction of f to d(a). The
category of positive hypergraphs is denoted by Hg™t!.

When convenient and does not lead to confusions, for a € S we sometime treat
v(a) as an element of S;_; and sometimes as a subset {y(a)} of Sk_;.

Before we go on, we need some notation. Let S be a positive hypergraph.

1. The dimension of S is max{k € w : S # (0}, and it is denoted by dim(S).

2. The sets of faces of different dimensions are assumed to be disjoint (i.e. Sy N
S;p =10, for k #1). S is also used to mean the set of all faces of S, i.e. Up_q Sk;
the notation A C S mean that A is a set of some faces of S; Ay = AN Sy, for
ke w.

3. If a € Sy then the face a has dimension k and we write dim(a) = k.
4. For a € S>; the set O(a) = d(a) U~(a) is the set of codimension 1 faces in a.

5. 8>k = Uik Si»  S<k = U<k Si- The set S<i is closed under ¢ and v so it is
a sub-hypergraph of S, called k-truncation of S.



10.

The image of A C S under § and v will be denoted by

5(A)=J d(a), ~+(A) ={y(a) : ac A},

acA
respectively. In particular §6(a) = U,es(0) 6(2), vé(a) = {y(z) : € 6(a) }.
t(a) = 0d6(a) Nyd(a) is the set of internal faces of the face a € S>a.

On each set Sj, we introduce two binary relations <+~ and <% %, called
lower and upper order, respectively. We usually omit k£ and even S in the
superscript.

(a) <50~ is the empty relation. For k > 0, <+~ is the transitive closure of
the relation <%~ on S, such that a <%~ b iff y(a) € 5(b). We write
a L~ b iff either a <~ b or b <™ a, and we write a <~ b iff either a = b
ora <~ b.

(b) <7 is the transitive closure of the relation <" on Si, such that
a <% T b iff there is o € Sj41, such that a € 6() and y(a) = b. We write
a LT b iff either a < b or b <t a, and we write a <* b iff either a = b
ora<*tb.

(c) a [ b if both conditions a Y b and a £/~ b hold.

Let a,b € Sg. A lower path ag,...,an from a to b in S is a sequence of faces
ag, - . ., am € Sk such that a = ag, b = a,, and for y(a;—1) € 6(a;),i=1,...,m.
Let x,y € Si. An upper path x,ag, .. .,am,y from x to y in S is a sequence of

faces ag, ..., am € Sky1 such that z € 6(ap), y = v(am) and y(a;—1) € 6(a;),
fori=1,...,m.

11. The iterations of v and & will be denoted in two different ways. By v* and ¢*
we mean k applications of v and ¢, respectively. By v*) and 6*) we mean the
application as many times v and §, respectively, to get faces of dimension k.
For example in a € S5 then 6%(a) = 666(a) C So and 6 (a) = §6(a) C Ss.

12. For I <k, a,b € S}, we define a <; b iff v (a) <= 4D (b).

13. A face a is unary iff §(a) is a singleton.

We have

Lemma 2.1 If S is an hypergraph and k € w, then <517 is a strict partial order
iff <50 is a strict partial order.

3 Positive face structures

To simplify the notation, we treat both § and v as functions acting on faces as well
as on sets of faces, which means that sometimes we confuse elements with singletons.
Clearly, both § and v when considered as functions on sets are monotone.

A positive hypergraph S is a positive face structure if it is non-empty, i.e. Sy # ()

and

1.

Globularity: for a € S>o:

y(a) = 76(a) - 55(a), 59(a) = 8(a) — 78(a);



2. Strictness: for k € w, the relation <+ is a strict order; < is linear;

3. Disjointness: for k > 0,
15— 1Skt =

4. Pencil linearity: for any k > 0 and = € Sg_1, the sets
{a€S;|z=7(a)} and {a€Sy|ze€ila)}
are linearly ordered by <S5k,

S is a weak positive face structure if S is a globular, strict, disjoint, positive
hypergraph (i.e. pencil linearity is not required to hold).

The category of (weak) positive face structures is the full subcategory of Hg™!
whose objects are the (weak) positive face structures and is denoted by denoted by
Fst/! (wFst/1).

Remarks.

1. The reason why we call the first condition ’globularity’ is that it will imply
the usual globularity condition in the w-categories generated by positive face
structures.

2. For each k € w, the k-truncation of a weak positive face structure S is again
a weak positive face structure S<j. In particular, any k-truncation of a pos-
itive face structure S is a weak positive face structure S<j, but it does not
necessarily satisfy local linearity condition.

3. Note that if we were to assume that each positive face structure has a single
cell of dimension —1 then linearity of <°0* would become a special case of
pencil linearity.

4. The fact that, for x € Si_1, the set {a € S;, | * = v(a)} is linearly ordered
is sometimes referred to as y-linearity of <%, and the fact that the set

{a € S; | = € §(a)} is linearly ordered is sometimes referred to as d-linearity
of <5kt

5. If S has dimension n, as hypergraph, then we say that S is an n-face structure.

6. The size of positive face structure S is the sequence natural numbers size(S) =
{|Sn = 0(Sn+1)|}new, with almost all being equal 0. We have an order < on
such sequences, so that {x, }new < {Un new iff there is k € w such that zj < yi
and for all [ > k, ; = y;. This order is well founded and many facts about
positive face structures will be proven by induction on the size.

7. Let S be a positive face structure. S is k-principal iff size(S); =1, for I < k. S
is principal iff S is dim/(S)-principal. S is normal iff S is (dim(S)—1)-principal.
S is k-normal iff S is normal and dim(S) = k. By pFs™/! (nFs™/!) we denote
full subcategories of Fst/! whose objects are principal (normal) positive face
structures.

4 Atlas for v and ¢

We have an easy

Lemma 4.1 Let S be a positive face structure, a € Sy, n > 1. Then

1. the sets 07y(a), t(a), and yy(a) are disjoint;



o

2. 00(a) = 0vy(a)U(a);
8. y6(a) = vv(a) U i(a).

Proof. These are immediate consequences of globularity. O
Moreover

Lemma 4.2 Let S be a positive face structure, a € S,,, n > 2. Then we have
1. 6y(a) € 6v6(a) € dyy(a) U vy(a) = 667(a) = 666(a);
2. yy7v(a) € yv8(a) € yyy(a) Uy(a) = vév(a) = vdé(a).

Proof. From globularity we have vy(a) C 7d(«). Thus by monotonicity of ¢
and v we get

yyv(@) Cyvé(a)  and  dyy(a) C0vd(a) and  yyd(a) C vdd(a).

Similarly, as we have from globularity: éy(a) C §d(«) it follows by monotonicity
of § and ~:

voy(a) Cv00(e) and  ddy(a) C 000(a) and  Iyd(a) C 000 (a).
The equalities

oyy(a) Uwy(a) = 60v(a) and yyy(a) Uwry(a) =vdv(a)

follow easily from Lemma 4.1.
Thus it remains to show that:

1. 007(a) 2 660(a),
2. yovy(a) 2 v66(a).

Both inclusions can be proven similarly. We shall show the first only.

Suppose contrary, that there is u € §dd(a) —ddy(a). Let z € d(a) be <~ -minimal
element in d(a) such that thereis s € 6(z) with u € 0(s). If s € §y(a) then u € §dvy(a)
contrary to the supposition. Thus s ¢ d(a). Since dy(a) = 0d(a) — vd(a) it follows
that s € yd(a). Hence there is 2/ € 6(a) with y(z’) = s. In particular 2’ <~ .
Moreover

u € 6(s) = dy(a') C §5(a").

Then there is s’ € §(2') so that u € §(s’). This contradicts the < -minimality of x.
O

From Lemma 4.2 we get

Corollary 4.3 Let S be a positive face structure, a € Sy, n > 2, k < n. Then, with
& and & being two fized strings of v’s and 6’s of length |, we have

1. 7¥(a) € "1 (a);
2. 5§k_1(a) C 5’“(@);

3. 6%(a) N~*(a) = 0;



4. €8(a) C~*(a) U™ (a);

5. 6%€"2(a) = 0%¢" 2 (a), (e.g. 6¥(a) = 6°7*2(a));

6. ¥6€F2(a) = vE™"(a), (e.g. ¥6" ' (a) = v07*3(a));
7. £F26~(a) = €26%(a), for k > 2;

8. 6%(a) = 6v*Ya) Uy 2(a), for k > 1.

5 Combinatorial properties of positive face structures

Local properties

Proposition 5.1 Let S be a positive face structure, k > 0 and o € S, a1, a2 € §(a),
a1 # as. Then we have

1. ay 7‘!/—+ az;

2. 6(a1) N6(az) =0 and ~(ar) # (az).

Proof. Ad 1. Suppose contrary that there are ai,as € §(a) such that a; <™ as.
So we have an upper path
alaﬁlv e 7/6T)a2

and hence a lower path

ﬁlv"‘v/graa

In particular 8, <~ a. As a1 € §(31) Nd(a) by dé-linearity we have 51 LT a. But
then (o, 31) €L T N L7# @ ie. S does not satisfy the disjointness. This shows 1.
Ad 2. This is an immediate consequence of 1. If ay,a2 € () and either
v(a1) = v(az2) or §(ay) Nd(az) # O then by pencil linearity we get that a; L1 as,
contradicting 1. O
After proving the above proposition we can introduce more notation. Let S be
a positive face structure, n € w.

1. For a face a € S, 12, we shall denote by p(a) € §(«) be the only face in d(«),
such that v(p(a)) = vvy(@).

2. X C Sy41, a,b€ S, and a,a1,...,ak,b be an upper path in S. We say that
it is a path in X (or X-path) if {aq,..., 0} C X.

Lemma 5.2 Let S be a positive face structure, n € w, o € Spi2, a,b € Spi1,
y € 06(a). Then

1. there is a unique upper 6(«)-path from y to vy(«);

2. there is a unique x € dy(a) and an upper 6(a)-path from = to y such that
V(@) =~(y);

3. if t € 0(y) there is an x € dy(«) and an upper 6(a)-path from x to y and
t€o(x);

4. If a <t b then y(a) <T ~(b).

10



Proof. Ad 1. Uniqueness follows from Lemma 5.1. To show the existence, let
us suppose contrary that there is no é(«)-path from y to vy(«). We shall construct
an infinite upper 0(a)-path from y

Yy,ay,a2,...

As y € §6(a) there is a; € §(a) such that y € d(a;). So now suppose that we have
already constructed aq,...,a;. By assumption y(ax) # 77y(a) so, by globularity,
v(ar) € 66(a). Hence there is ag41 € 0(a) such that y(ax) € d(ag+1). This ends the
construction of the path.

As in positive face structure there are no infinite paths, this is a contradiction
and if fact there is a d(a)-path from y to yy(«).

Ad 2. Suppose not, that there is no = € §y(«) as claimed. We shall construct
an infinite descending lower 0 («)-path

. ar < oag

such that v(ag) =y, vy(an) = v(y) =t, for n € w.
By assumption y ¢ v(a) = 66(a) — vd(a). So y € vd(«). Hence there is
ap € d(a) such, that y(ap) = y. Now, suppose that the lower §(«)-path

ap <1 ap—1 < ...< ag

has been already constructed. By globularity, we can pick z € d(ay), such that
v(z) = t. By assumption z ¢ dy(a) = §6(a) — vd(). So z € yd(«). Hence there is
ax+1 € 6(«) such, that y(ags+1) = z € d(ag). Clearly, vy(ag+1) = t. This ends the
construction of the path. But by strictness such a path has to be finite, so there is
x as needed.

Ad 3. This case is similar. We put it for completeness.

Suppose not, that there is no x € dy(a) as above. We shall construct an infinite
descending lower §(«)-path

.<ar < oap

such that v(ag) =y, t € dy(ay), for n € w.
By assumption y € v(a) = 66(a) — vd(). So y € vd(«). Hence there is
ap € 6(a) such, that y(ag) = y. Now, suppose that the lower d(«)-path

ap < ap—1 < ... ap

has been already constructed. By globularity, we can pick z € d(ay), such that
t € §(%). By assumption z ¢ év(a) = §6(cv) — v0(ar). So z € y6(cr). Hence there is
ax+1 € d(a) such, that y(agy1) = 2z € d(ag). Clearly, t € 0y(ags+1). This ends the
construction of the path. But by strictness such a path has to be finite, so there is
x as needed.

Ad 4. The essential case is when a << b. This follows from 1. Then use the
induction. O

Lemma 5.3 Let S be a positive face structure, n > 1, a € Sp11, and a,b € S, such
that a <™ b. Then

1. v0(a) = y(a) ;
2. 1(a) Cu(b);

3. t(a) Uyy(a) C u(b) Uyy(b);
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4. 68(a) C 55(b);
5. 00(a) C 06(b).

Proof. Ad 1. t6(ar) C 1y(a):

Fix a € §(a) and t € ¢(a). Thus there are z,y € 6(a) such, that y(z) =t € i(y).
By Lemma 5.2 2,3 there are 2,y € dy(a) such, that 2/ <T z, ¢/ <T y and v(2) =
t € §(y'). Thus t € vy(a) and the first inclusion is proved.

() 2 y(a):

Fix t € vy(a). In particular, there are z,y € dy(«a), so that y(z) =t € i(y).
Suppose that ¢ € td(«). We shall build an infinite 6(a)-path

a1 < az...

such that yvy(a;) =t for i € w.
Since dv(a) C 0(e), there is a; € d(a) such, that x € §(a1). Since t & 1d(av), it
follows that yy(a1) = t. Suppose now that we have already constructed the path

a1 < az...ag

as above. We have vy(ax) =t < v(y) <t yyy(a). So y(ax) # vy(«) and y(ax) €
06(«). Then there is axy1 € 6(«) such, that y(ag) € d(agr1). Again, as t & 16(a),
it follows that ~7y(ag+1) = ¢. This ends the construction of the path. Since, by
strictness, such a path cannot exists we get the other inclusion.

Ad 2. Since the inclusion is transitive, it is enough to consider the case a <" b,
i.e. there is an o € Sp41 such, that a € 6(a) and b = y(a). Then by 1. we have

(a) € 16(a) = 1y(a) = u(b)

Ad 3. As above it is enough to consider the case a<t™ b, i.e. that thereis a € S, 11
such that a € d(a) and v(a) = b. By 2. we need to show that yy(a) C ¢(b) U yy(b).
We have

(a) € yy8(a) € vy(a) Uryy(a) = u(b) Uyy(b).
Ad 4. Again it is enough to consider the case a <" b, i.e. that there is a € S, 11
such that a € §(«) and v(«) = b. We have
0d(a) C 600(a) = ddy(aw) = 60(b).

Ad 5. This follows from 3. and 4. O

Global properties

Lemma 5.4 Let S be a positive face structure, n € w, a,b € Sy, a <™ b. Then,
there is an upper Syy1 — Y(Sn+2)-path from a to b.

Proof. Let a,aq,...,ar,bbe an upper path is S. By Lemma 5.2 we can replace
each face «; in this path which is not in S — v(S) by a sequence of faces which are
<T-smaller. Just take I € S, 12, such that y(I') = ; and take instead of o; a path
in 6(T") from ~y(c;—1) (if i = 0 then from a) to v(«;). Repeated application of this
procedure will eventually yield the required path. O

Lemma 5.5 Let S be a positive face structure, n >0, a € Sy, a € Sp+1, and either

v(a) € v(a) or §(a) Ni(a) # 0. Then a <t v(a). Moreover, if « € S —(S) then
there is a unique o’ € §(a) such that a <* a.
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Proof. 1f a € §(«) there is nothing to prove. So we assume that a € ().

We begin with the second part of Lemma, i.e. we assume that a € Sy —
7(8n+2)'

Let v(a) € t(c). Thus there are b,c € d(a) such that y(a) = v(b) € ().
In particular a <~ ¢. By ~4-linearity either b <™ a or a <* b. Suppose that
b <* a. Then we have an (S — (S))-upper path b, 5y, ...,08,a. Asb € an By
and o, By € S — v(5), we have a = (5. But then ¢ € §(a) = 0(8y) and hence
¢ <t ~(Bo) <t a. So we get a <~ c and ¢ < a contradicting the disjointness of 1T
and L~. Thus we can put @’ = b and we have a <* a’. The uniqueness of a’ follows
from the fact that v(a) = v(a’).

The case d(a) N t(a) # ( is similar and we put it for completeness. Thus there
are b,c € d(a) such that v(b) € d6(a) N d(c). In particular b <~ a. By J-linearity
either ¢ <* a or a <™ ¢. Suppose that ¢ <™ a. Then we have an (S — (S))-upper
path ¢, Bo,...,0ra. Asc € an By and a,By € S —v(S), we have a = (5. But
then b € 6(a) = 6(Bp) and hence b <* v(8y) < a. So we get b <~ a and b <t a
contradicting the disjointness of L™ and L.~. Thus we can put ¢’ = ¢ and we have
a <% a’. The uniqueness of a’ follows from the fact that v(b) € §(a’) and o’ € §(a)
and Lemma 5.1.

The first part of the Lemma follows from the above, Lemma 5.2.4 and the fol-
lowing Claim.

Claim. If o € Sp41 and x € t(a) then there is an o € S, 41 such that o/ <* a,
x € () and o & y(Sn+2).

Proof of the Claim. Suppose that Claim is not true. To get a contradiction, we
shall build an infinite descending v(S,+2)-path

...<1+a1<1+a0:a

such that z € «(ey), for i € w.

We put oy = a. Suppose that we have already constructed ay, . .., € ¥(Sp+2).
Hence there is § € S, 42 such, that v(3) = aj. Since ¢d(5) = vy(5) = t(ag), there is
agy1 € 0(F) such, that = € t(ag41). This ends the construction of the infinite path
and the proof of the Claim and the Lemma. O

Corollary 5.6 Let S be a positive face structure. Ifa € S—06(S) theny(a) € S—u(5)
and 6(a) C S —u(S).

Proof. Let a € S, and a € Sy, 19. If either y(a) € ¢(a) or §(a) Ne(a) # O then by
Lemma 5.5 a <' y(a). Thus a € §(S). O

A lower path by, ..., by, is a mazimal path if 6(by) C §(S) — v(S) and v(by,) €
~v(S) — 6(S), i.e. if it can’t be extended either way.

Lemma 5.7 (Path Lemma) Let k > 0, B = (ao,...,a;) be a mazimal Sy,-path
in a positive face structure S, b € S,, 0 < s < k, as <™ b. Then there are
0<1<s<p<k such, that

1. a; <t b fori=1,...,p;
2. 7(ap) = ~(b);
3. either | =0 and 6(ag) C 6(b) orl >0 and y(a;—1) € 6(b);

4. y(ai) € u(S), forl <i<np.
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Proof. Let 0 <1 < p <k be such that a; <™ b for [ < i < p and either [ = 0
or aj_1 £% b and either p = k or apy1 £ b. We shall show that [ and p have the
properties stated in the Lemma. From the very definition the property 1 holds.

We shall show 2. Take an upper (S — v(S5))-path from a, to b: ayp, fo, ..., 5, b.
If v(ap) = vy(Bi), for i = 0,...,r then vy(ap) = vy(8r) = v(b) and we are done. So
suppose contrary and let

io = man{i : y(ap) # vv(Bi)}

Then there are a,c € 6(0;,) such that v(a,) = v(a) € §(c) (NB. a = a, if ig =0
and a = y(B;,—1) otherwise). In particular vy(ap,) € t(8i,). As v(ap) € 6(5), we have
p < k. Thus y(a,) € §(ap+1) Ne(Bi,), and by Lemma 5.5 ap41 <t ¢ <t b. But this
contradicts the choice of p. So the property 2. holds.

Now we shall show 3. Take an upper (S—~(5))-path from q; to b: ay, Bo, . .., By, b.
We have two cases: | =0 and [ > 0.

If I = 0 then there is no face a € S such that v(a) € §(a;). As 6(a;) C 66(By) we
must have d(a;) € 07(5;), for i = 0,...,r. Hence d(a;) C 6v(8,) = d(b) and 3. holds
in this case.

Now suppose that [ > 0. If y(a;_1) € 6v(5;), for i = 0,...,r, then y(a;_1) €
y(Br) = d(b) and 3. holds again. So suppose contrary , and let

i1 =man{i : y(a—1) € 6v(5)}

Then there are a,c € §(8;,) such that y(a;—1) = v(a) € d(c) (NB: ¢ =a;if i3 =0
and ¢ = y(f;,—1) otherwise). In particular v(a;—1) € ¢(5;,), and by Lemma 5.5 we
have a;_1 <™ a <* b contrary to the choice of {. Thus 3. holds in this case as well.
Finally, we shall show 4. Let { < j < pand a;, 5, ..., [, b be an upper (S—0(5))-
path from a; to b. As a; <~ ap and a, < b we have v(a;) # v(b). So we can put

iz = min{i : y(a;) # vv(6i)}

But then v(aj) € v6(Bi,) — vv(Bin) = t(Biy). Therefore vy(a;) € ¢«(S) and 4. holds.
O

Lemma 5.8 Let S be a positive face structure, n € w, x,y € Sp, © < y. Then if
z,y & 1(Sp+2), then there is an upper path from x toy contained in Sp11 — I(Sn+2).

Proof. Assume z,y € (S —¢(5)) and = < y. Let
xab(]’"')bk’ay

be an upper path from z to y with the longest possible initial segment by, ..., in
S —6(9).

We need to show that & = [. So suppose contrary, that [ < k. By Corollary 5.6
v(b)not € 1(S). Let a be a face such that b1 € t(«). In particular b <* v(«).
As y(by) & 1(S) we have v(by) € 67() (= 66(cr) — 1(e)). So v(br) € 0(br41 Ny ().

Let a be the <T-largest element of the set {b € S : v(b;) € (b)}. Then b4 < a.
By a similar argument as above for b;1 we get that a ¢ §(S). By Lemma 5.7 there
is p such that [ +1 < p < k such that y(b,) = v(a) (Note that the facts that
y & 1(S) and Lemma 5.7.4 are needed here.). Thus we have an upper path from z
toy, ,bo, ..., b, a,bpt1,. .., by, y with a longer initial segment in .S —46(.S). But this
means in fact that in fact [ = k, as required. O
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Order

Lemma 5.9 Let S be a positive face structure, n € w, a,b € S,,. Then we have

~

. If a <T b then for any x € §(a) there is y € §(b) such that y <* x;

2. If a <™ b and y(a) = (b) then for any y € §(b) there is x € §(a) such that
y <

If v(a) = v(b) then either a=b ora LT b;
If y(a) <t ~(b) then either a <t b ora <~ b;
If a < b then vy(a) < v(b);

If a <= b then y(a) <t ~(b);

NS v e

If v(a) L= ~v(b) thena £~ b and a f T b.

Proof. Ad 1. Let a <t b and x € §(a). We have two cases: either = € v(S) or
z & (9).

In the first case there is @’ €, such that y(a’) = x. Let ao,...,a; be a maximal
path containing a’,a, say as_1 = a’ and as = a, where 0 < s < k. As a; < b, by
Lemma 5.7 there is [ < s and y € §(a;) N §(b). Clearly, y <t .

In the second case consider an upper path from a to b: a, Gg,..., 0, b. We have

x € d(a) C 66(By). As x & v(S) so x & v5(Bo), and hence = € 00(8y) — vd(5o) =
07(Bo). Thus we can define

r = mazx{i:x € 6v(0;)}

If we had 7" < r then again we would have x € 60(8y41) — Y0(Br+1) = 0Y(Brr41),
contrary to the choice of r'. So ' = r and x € 6v(5,;) = §(b). Thus we can put
Yy = .

Ad 2. Fix a <™ b such that v(a) = v(b) and y € 6(b). We need to find x € §(a)
with y <=. Take a maximal (S — ~(95))-path ag,...,a; passing through vy, i.e.
there is 0 < j < k such that y € 6(a;) and if y € ¥(S) then moreover j > 0 and
y(aj—1) = y. Since a; € (S) by d-linearity a; <* b. Thus by Lemma 5.7 there is
J < p < k such that y(ap) = v(b) = v(a). Since a, € v(S) by 7-linearity we have
ap <t a. If a, = a then we can take as the face x either y if p = 0 or y(ap—1) if
p > 0. So assume now that a, <* a. Again by Lemma 5.7 there is 0 < [ < p such
that either [ = 0 and d(ap) C d(a) or I > 0 and y(a;—1) € d(a). As q; is the first face
in the path ag, ..., ax such that a; <* a and a; is the first face in the path ag, ..., a
such that a; <* b and moreover a <™ b it follows that 5 < [. Thus in this case we
can take as the face z either y if { =0 or y(a;—1) if { > 0.

Ad 3. This is an immediate consequence of vy-linearity.

Ad 4. Suppose y(a) <t v(b). So there is an upper path

v(a),c1y. ..y ek, y(b)

with k > 0. We put ¢y = a. We have v(cx) = v(b) so by y-linearity ¢ L1 b. So we
have two cases: either b < ¢, or ¢;, <™ b.

If b <* ¢}, then by Lemma 5.7 for any maximal path that contains b and the face
¢, we get that c;_1 <~ b. Thus we have a <™ b.

If ¢, <* b then by Lemma 5.7 for any maximal path that extends cg,c1,...,cs
and face b we get that either there is 0 < ¢ < k such that y(¢;) € 0(b) and then
a<"borelsea=cy<" b
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Ad 5. This is repeated from Lemma 5.2.
Ad 6. Suppose a <~ b. Then there is a lower path

a=ap,ai,...,ap=>b
with £ > 0. Then we have an upper path

’7((1) = 7(a0)7 ai,...,0a, 7(0“/6) = W(b)
Hence v(a) <™ ~(b).
Ad 7. Easily follows from 5 and 6. O

Proposition 5.10 Let S be a positive face structure, a,b € S,, a # b. Let

{aito<i<n, {bito<i<n be two sequences of codomains of a and b, respectively, so
that

a; =79 (a) b =~ (b)

(i.e. dim(a;) =1), fori=0,...,n. Then there are two numbers 0 <1 < k < n such
that either

1. a; =b; fori<l,
2. a; <T b forl <i<k,
3. a; < by fork+1=i<mn,
4. a; X b; fork4+2<i<n,
or the roles of a and b are interchanged.
Proof. The above conditions we can present more visually as:
ag =bo,...,a—1 =b_1, a<Tby,...ar <" by,

ag+1 < bpy1,  apg2 Lbryo,...,an L by,

These conditions we will verify from the bottom up. Note that by strictness <50t ig
a linear order. So either ag = by or ag L™ by. In the later case [ = 0. As a # b then
there is ¢ < n such that a; # b;. Let [ be minimal such, i.e. | = min{i : a; # b;}. By
Lemma 5.9 3., a; LT b;. So assume that a; <™ b;. We put k = maz{i <n:a; <t
bi}. If k =n we are done. If k£ < n then by Lemma 5.9 4., we have ag41 <™ bg41.
Then if £+ 1 < n, by Lemma 5.9 5. 6. 7., a; £ b; for k + 2 < i < n. This ends the
proof. O
From the above Proposition we get immediately

Corollary 5.11 Let S be a positive face structure, a,b € S,, a # b. Then either
a LT b or there is a unique 0 <1 < k such that a L, b, but not both.

The above Corollary allows us to define an order < (also denoted <) on all cells
of S as follows. For a,b € S,

a<b iff a<tbor I a<; b

Corollary 5.12 For any positive face structure S, and n € w, the relation <%
restricted to S,, is a linear order.
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Proof. We need to verify that < is transitive.

Let a,b,c € S,,. There are some cases to consider.

If a <™ b <™ ¢ then clearly a <™ c.

If a <* b < c then we have 7()(a) <* 7V (b) <= y)(c). By Lemma 5.2 4.,
and transitivity of <~ we have y(!)(a) <= 7 (c). Hence a < c.

Ifa<;b <t ¢ then, by use Lemma 5.7, either the maximal lower path from
that contains both 4 (a) and 4 (b) passes between v)(a) and ~®(b) through a
face in 641 (c) and a <, cor it does not passes through a face 571 (¢) and
then v()(a) < v (c). Thus by Proposition 5.10 either there is I < I’ < n such that
7 (a) <t 4)(c) and hence a <}, cor a <* c.

Finally suppose that a <, b <, c.

If k =1 then clearly a <; c.

If & > 1 then y¥(a) <t 4D(b) <= 4v¥(c) and, by the previous argument,
YW (a) <= 4 D(c), ice. a <;

Finally, assume that k < [, i.e. 7 (a) <= v®)(b) <t 4*)(¢). Then, by Path
Lemma, either v¥)(a) <= 7®)(¢) or v (a) <t 4*)(¢). In the latter case, by
Proposition 5.10, either a <™ b or there is k¥, such that k < k' < n and 'y(k/)(a) <t
7 ) (¢). In any case we have a < ¢, as required. O

From the proof of the above corollary we get

Lemma 5.13 Let S be a positive face structure, a € S,,. Then the set
{be S, :a<’b}
is linearly ordered by <7 .

Proof. Suppose a <* b,b'. If we where to have b <;” b’ for some [ < n then, by
Corollary 5.12 we would have a <, b’ which is a contradiction. O

Corollary 5.14 Any morphism of positive face structures is one-to-one. Moreover
any automorphism of positive face structures is an identity.

Proof. By Corollary 5.12, the (strict, linear in each dimension) order <9 is
defined internally using relations <~ and <™ that are preserved by any morphism.
Hence <° must be preserved by any morphism, as well. From this observation the
Corollary follows. 0O

Lemma 5.15 Let S be a positive face structure, a,b € Sy,. Then
1. if e(a) N e(b) # 0 then a LT b;
2. if 0 # 1(a) C o(b) # (a) then a <T b;
3. if a L= b then t(a) Ne(b) = 0.

Proof. 2. is an easy consequence of 1. and Lemma 5.3. 3. is an easy consequence
of 1. and Disjointness. We shall show 1.

Assume that u € v(a) N «(b). Thus there are x,y € 6(a) and 2’,y" € d(b) such
that v(z) = v(2') = v € §(y) N 6(y'). If x = 2’ then by Local linearity a L b, as
required. So assume that z # 2’. Again by Local linearity = L+ 2/, say o’/ L' .
Thus there is a T — v(T)-path 2/,a1,...,a,x. As, for i = 1,...,k, yvy(a;) = u
and yy(b) € ¢(b) > u, we have that y(a;) # v(b) and a; # b. Once again by Local
linearity ag L. b and by Path Lemma a; < b, for i = 1,...,k with y(ay) # v(b). As
v(ax) = x € &(a), again by Path Lemma a <* b, as well. O
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Proposition 5.16 Let S be a positive face structure, a,b € S, o € Si11, so that
« is a <T-minimal element in Sgi1, and a € §(c), b = (). Then b is the <*-
successor of a.

Proof. Assume that a is a <'T-minimal element in Sj1. Suppose that there is
c € Sy such that a <™ ¢ <™ b. Thus we have an upper path

aaﬁla---7/Biac>ﬁi+17""ﬁl7b'

Hence 51 <~ (. Moreover a € §(81) Nd(a) and v(G;) = b = y(«). Thus both 3
and (3; are <T-comparable with a. Since a is < -minimal we have oo <™ 31, 3. By
Lemma 5.13, #; L™ ;. But then we have (31,3) €Lt N L=# 0, contradicting
strictness. O

Proposition 5.17 Let T be a positive face structure and X C T a subhypergraph
of T. Then X is a positive face structure iff the relation <X is the restriction of
<T+ to X.

Proof. Assume that X is a subhypergraph of a positive face structure T'. Then
X satisfies axioms of globularity, disjointness, and strictness of the relations <~++
for k > 0.

Clearly, if <Xr+ = <Trt N(X})? then the relation <X0:+ is linear, the relations
<Xkt for k > 0, satisfy pencil linearity, i.e. X is a positive face structure.

Now we assume that the subhypergraph X of positive face structure T is a
positive face structure. We shall show that for k € w, a,b € X}, we have a <Xrt b
iff @ <™+t b. Since X is a subhypergraph a <X#* b implies a <% b. Thus
it is enough to show that if a <T&* b then a L%+ b. We shall prove this by
induction on k. For k = 0 it is obvious, since <X0* is linear. So assume that for
faces =,y € X;, with [ < k we already know that z <Xvt ¢ iff 2 <70t 3. Fix
a,b € T} such that a <T»* b. Then by Lemma 5.9.2 vy(a) <Tk-1:F 4(b) and hence
by inductive hypothesis y(a) <**~1* ~(b). Thus we have an upper X-path a =
ar,y(a),ar_1...,a1,v(b), with » > 1. As a <™+ b, by Path Lemma a; <™*% b for
i=1,...,r. Again by induction on r we shall show that a; <X+t b, fori=1,...,r.
As y(ay) = ~(b) by pencil linearity we have a; LX#* b. So a; <**+ b. Suppose that
a; <Xkt b, for i <1< r. Let a,as,...,a1,b be an upper T-path. As a1 <"+t b,
we cannot have y(a;y1) € 6(b). Therefore, for some j > 1, v(a;y1) € t(a;). So by
Lemma 5.5, a1 < y(a;) <X6F b, as required. O

Lemma 5.18 Let T be a positive face structure, a,b,a € T. If a € 6(a) and
a<tb<t y(a) then b € (T).

Proof. Assume that a,b,« € T are as in the assumption of the Lemma. Thus we
have an upper path a, ag, ..., a;,b. As a € §(a) N (), by pencil linearity we have
a 1T ap. If a <t ag <™ a, then y(a) <T v(a,.) = b contradicting our assumption.
Thus g <* a. Then by Path Lemma, since b = v(a;) <t (), we have a,, <t «
and b € «(T), as required. O
Some equations

Proposition 5.19 Let S be a positive face structure 0 < k € w. Then
1. t(Sk41) = t(Sk1 — 0(Sk+2));
2. 0(Sk) = 0(Sk — (Sk41));
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3. (k) = v(Sk — v(Sk+1));
4. 0(Sk) = 6(Sk — t(Sk+2));
5. 6(Sk) = 0(Sk — 6(Sk+1)) U t(Sk+1)-

Proof. In all the above equations the inclusion D is obvious. So in each case we
need to check the inclusion C only.

Ad 1. Let s € ¢(Sk+1), i.e. there is a € Sky; such that s € «(a). By strictness,
there is b € Sk 1 such that a < b and b & 6(Sk,1). By Lemma 5.3, we have

s € u(a) Cu(b) C t(Skt1 — 6(Sky2))

as required.

Ad 2. Let x € §(Sk). Let a € S be the <T-minimal element in Sy such that
x € d(a). We shall show that a € Sy, — v(Sk+1). Suppose contrary that there is an
a € Sk11 such that a = y(«). The by globularity

x € 0(a) =dy(a) = 00(ar) — vo(cw).

So there is b € §(a) such that x € §(b). As b <™ a this contradicts the minimality
of a.

Ad 3. This is similar to the previous one but simpler.

Ad 4. Since ¢(Sg+2) C v(Sk+1) 4. follows from 2.

Ad 5. Let z € 6(Sk). Let a € Si be the <t-maximal element in Sy such that
x € 0(a). If a & §(Sk4+1) then z € §(Sp — (Sk+1)) as required. So assume that
a € 6(Skt1), i.e. there is a € Sky1 such that a € §(a). Thus z € §d(a). As
a <% y(a), by choice of a we have x & §vy(a) (= §6(a)) — vd()). So x € y(a) and
hence x € t(a) C ¢(Sk+1), as required. O

6 The w-categories generated by the positive face struc-
tures

Let T* (T7¥) be the set of all face substructures of the face structure 7' (of dimension
at most n). We introduce operations

d™ ™ .17 — T

of the n-th domain and the n-th codomain. For S in (T*)>, the faces n-th domain
d™ S are:

1. (d™S), =0, for k > n,
2. (d(n)s)n = Sn = Y(Snt1),
3. (d™8), = Sy, for k < n.

and faces n-th codomain ¢™ S are:

1. (c™8), =0, for k > n,

2. (c™8), =8, — 6(Sn+1),

3. (c™8)p1 = Sno1 — L(Sn+1),
4. (™8, = Sy, for k < —1.
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If k € w, dim(S) = k + 1, we write dS for d*¥)(S), and ¢S for ¢ (S).
We have

Lemma 6.1 Let S be a positive face structure. Then

1. if dim(S) > k then d®)(S), c®)(S) are positive face structures of dimension
k;

2. if dim(S) > k then dd* TV (S) = d®)(S) , dd*+D(S) = d*)(S);
3. if dim(S) > 1 then ddS = dcS, cdS = ccS.

4. For any k € w and o € Sk, the least sub-hypergraph of S containing the face o
is again a positive face structure of dimension k; it is denoted by [«]. Moreover,
if k > 0, then

cla] = [v(a)], da] = [6(c)]

where [6(a)] is the least sub-hypergraph of S containing the set of face 6(av).

Proof. Ad 1. Clearly, d® S is a sub-hypergraph S and ¢(¥) S is a sub-hypergraph
S by Corollary 5.6. Any sub-hypergraph T of a positive face structure S satisfies
the conditions of globularity, strictness (possibly without <70* being linear), and
disjointness.

By Lemma 5.4, for a,b € d®)S; we have a <5t T biff a <d®Si+ g, Moreover, by
Lemma 5.8, for a,b € ¢S, we have a <%+ b iff a <¢Si+ b, Hence by Lemma
5.17 both d®) S and ¢®) S are positive face structures.

Ad 2. Fix a positive face structure S and k € w such that dim(S) > k. Then
the faces of c**1)(S), cc**t1)(S), and ¢*)(S) are as in the table

dim ck+D(9) cc1)(9) c®)(8)
k+1 Sk+1 — (5(Sk+2) 0 0
k Sk — t(Sk+2) | (Sk — t(Sk+2)) — 0(Sk+1 — 0(Sk+2)) | Sk — 6(Sk41)
k—1 Sk—1 Sk—1 = t(Sk+1 — 0(Sk+2)) Sp—1 — t(Sk+1)
l S S S

where | < k — 1. Moreover the faces of d**+1(S), dd*+1)(S), and d*¥)(S) are as in
the table

dim d+1 () dd*+1(8) d®)(s)
E+1] Skt —v(Skq2) 0 0
k Sk Sk — V(Sk+1 — 7(Sk42)) | Sk — ¥(Skt1)
l S S S

where | < k. Thus the equalities in question all follow from Lemma 5.19.

Ad 3. Let dim(S) =n > 1. Note that both (ddS),—2 and (dcS),—2 are the sets
of all <T-minimal elements in S,,_s, i.e. they are equal and the equation ddS = dcS
holds.

To see that ¢dS = ccS holds, note first that both (cdS),—2 and (ccS),_2 are
the sets of all <t-maximal elements in S,,_2. Moreover

(CdS)n—?) =S,-3— L(Sn—l - V(Sn))’
(CCS)nfg = Snfg — L(Snfl — 5(Sn))

Now the equality cd.S = ccS follows from the following equalities

t(Sn—1 —=7(S)) = t(Sn-1) = t(Sn—1 — 5(Sn))-
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Both equalities follow from Lemma 5.3. We shall show the first equality only.

Suppose contrary, that there is x € «(S,—1) such that x & «(Sp,—1 — v(Sn)). Let
a € Sp—1 be a <tT-minimal face such that z € t(a). Since x & ¢(S,—1 —7(Sn)), there
is a € Sy, such that a = y(a). By Lemma 5.3 we have

(a) = y(a) = ia).

Therefore, there is @’ € §(a) such that = € 1(a’). Clearly o’ <t a, and hence a is not
<*-minimal contrary to the supposition. This ends the proof of the first equality
above.

Ad 4. Fix o € S;,. We need to show that [a] is a positive face structure. The
globularity, strictness (except for linearity of <[O‘]0’+), and disjointness are clear.

The linearity of <[®o+  If k < 2 it is obvious. Put a = y**+?)(a). Using
Corollary 4.3, we have

[a)o = 6¥ (@) Uy¥ (@) =

=30(y" (@) Uy (v (@) = 35(a) Uv7(a)

Thus it is enough to assume that £ = 2. But in this case, as we mentioned, the
linearity of <[®o:* is obvious.

The ~-linearity of [@]. The proof proceeds by induction on k = dim(«). For
k < 2, the «-linearity is obvious. So assume that k£ > 2 and that for [ < k£ and
a € S].

First we shall show that c([a]) = [y(«)]. We have

c([a))r-1 = (v(@) Ud(@)) = 6(e) = v() = [¥(@)]k—1

c([a])r—2 = (77(@) Udd(a)) = 1(a) = dv(e) Ury(e) = [7()]k—2
and for l < k —2

c(fal)i =7V (a) U sy (@) =4 (@) U sV (a) = [y(a):

Note that the definition of ¢(H) make sense for any positive hypergraph H and in
the above argument we haven’t use the fact (which we don’t know yet) that [a] is a
positive face structure.

Thus, for I < k-2, [a]; = [y(a)];. By induction, [y(«)] is a positive face structure,
and hence [a]; is v-linear for | < k — 2. Clearly [«]; is y-linear for [ = k — 1, k. Thus
it remains to show the v-linearity of k — 2-cells in [a].

Fix t € [a]g_3, and let

'y = {x € [a]k—2 : v(x) = t}.

We need to show that I'; is linearly ordered by <. We can assume that t €
Y([a]n—2) = v36(a) = y6y(x) (otherwise T'y = @ is clearly linearly ordered by <*).
By Proposition 5.1 there is a unique z; € () such that v(z;) = ¢t. From Lemma
5.2.2 we get easily the following Claim.

Claim 1. For every x € T'; there is a unique upper §(«)-path from x; to .

Now fix z, 2" € T';. By the Claim 1, we have the unique upper §(«)-path

/ !/ /
T, AQy .. .,A1, T, Tty Qgy e vy A, T

Suppose | < I'. By Proposition 5.1, for i <, a; = a}. Hence either [ =" and z = 2’

orl <1 and
/
Z,a;415---,01,%
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is a §(a)-upper path. Hence either z = 2/ or z LT 2/ and [a];_o satisfy the ~-
linearity, as required.

The proof is of the J-linearity of [ is very similar to the one above. For the
same reasons the only non-trivial thing to check is the condition for (k — 2)-faces.
We pick ¢ € §§(«) and consider the set

Ay ={z € [a]g_2:t€d(x)}.

Then we have a unique y; € dy(«) such that ¢ € d(y;). From Lemma 5.2.3 we get
the following Claim.

Claim 2. For every y € A there is a unique upper ¢(«)-path from y; to y.

The ¢-linearity of the (k — 2)-faces in [o] can be proven from Claim 2 similarly
as the v-linearity from Claim 1.

It remains to verify the equalities

The first one we already checked on the way. To see that the second equality also
hold we calculate

dafp-1 = (v(a) Ud(a)) —(a) = d(a) = [6(a)]k-1

dlafi—2 = (vy(a) Udd(a)) = v6(a) Udd(a) = [6()]k—2
and for l < k —2

dla]; = v () UsW(a)) = 4D5(a) U 6D () = [5()]s
So the second equality holds as well. O

Lemma 6.2 Let S and T be positive face structures such that ¢c®)S C d®T. Then
the pushout S+ T in Fst/! of S and T over ¢¥) S exists. Moreover, if c¥)S = SNT

then the diagram of inclusions in Fst/1
S SuT
ck g T

is the pushout.

Proof. Assume that ¢(¥)S = SNT C d®T. Let SUT be the obvious sum of S
and T as positive hypergraphs. The fact that SUT is a pushout in Hg™! is obvious.
Thus the only thing we need to verify that S UT is a positive face structure.

First we write in details the condition ¢®S = SNT C d*T:

1. SNT; =0, for I > k,

2. Sk = 0(Sk41) € T — Y(Th41),

- Sk—1 = t(Sk1) € Th-1,

-~ W

.5 CTy, forl < k—1.
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Now we describe the orders <t in SUT:

<Sl,+ _|_ <Tl,+ fOI' l > ]{3,
<(SUT)1+_— <ot (S —6(Sk11)) <+ forl =k,

<Sz,+ +(Sk—1*1»(5k+1)) <Tz7+ forl =k — 17

<fit for | <=k — 1.

We shall comment on these formulas. For [ > k the formulas say that the order <*
in (SUT), is the disjoint sum of the orders in S; and 7;. This is obvious.

For | < k—1 the order <t in (SNT); is just the order <Z"*. The only case that
requires an explanation is I = k—2. So suppose that a,b € Tj_o and a <EYTke-2.F p,
So we have an upper path

Gy QU1 y e vy Oy b

such that a; € (SUT)g—1 = t(Sk+1) UTk—1. By Lemma 5.4, we can assume that
if a; € Sk—1 then a; € v(Sk). But then o; & ¢(Sky1). So in fact a; € T_q, as
required.

The most involved are the formulas for <"+ for [ = k and [ = k—1. In both
cases the comparison in S U T involves orders both from S and T. In the former
case we have that, for a,b € (SUT)k, we have

a <UDkt iff

either a,b € T}, and a <7kt b,
ora,be Sy and a <%t b,

or a € §(Sk+1), b€ T, and yes,—s(s,,,)@ <1 a’ and o <Tet b,

Ska1

The orders <“¢* and <"k* are glued together along the set Sy — 0(Sk;1) which is
the set of <k *-maximal elements in Sj, and at the same time it is contained in the
set of < *+-minimal elements T}, — v(Tk1). This is obvious when we realize that
6(Sk+1) Ny (Thet1) = 0.

In the later case we have for z,y € (SUT),_1 we have

2 <OV k1,4 y iff

either z,y € Sk_1 and x <Sk-17F g,
or x,y € Ty and o <Tk-1F 4,
orz € u(Skr1), y €T and e, | (5,7 <%t gl and o <Tot g,

or & € Ty, y € t(Sk+1)  and Tpeg, | (50,2 <T 2’ and 2 <kt g

The order <%-11 is "plugged into’ the order <Tk-1:F along the set Sy — t(Sk+1)-
To show that these formulas hold true we argue by cases. Assume that x,y €
(SUT)j_1 and that 2 <(SYT)k-1+ 4 je. there is an upper path

Z,01,-.-,0m,Y

with a; € (SUT)g, fori=1,...,m.

First suppose that x,y € Sx_1 and that the set {a;}; Z Sk. Let a;y, ajg+1,- - -, ai
be a maximal subsequence of consecutive elements of the path ay,...,a,, such that
{ai}tio<i<i, € T). Thus it is an upper path in T} from Z to y = y(ai, ), where

_ {x if dg = 1,
€r =

v(aj,—1) otherwise.

Note that from maximality of the path a;,,...,a;, follows that both z,7 € Si_1 —
t(Sg11). As we have 7 <Tk-1F g from Corollary 5.11 we have z YT~ g, for all
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| <k—1. Clearly 15~ C1Tv~. Thus z £S5~ g, for all | < k — 1, as well. But then
again by Corollary 5.11 we have that z L%-1F g. If we were to have § <%x-11 z
then, as Z,7 € Sg_1—t(Sk+1), we would have § <”+-1F . But this would contradict
the strictness of <Tk=1:7. So we must have z <%-1F . In this way we can replace
the upper path ay,...,a, in (SUT); from = to y by an upper path from z to y in
Sk

Next, suppose that x,y € Ti_1 and that the set {a;}; € T). Let a;y, ajg+1, - - -, ai
be a maximal subsequence of consecutive elements of the path aq,...,a,, such that
{a;}ig<i<iy € Sk. Thus it is an upper path in Sy from Z to g = 7y(a;, ), where

7= x if ig =1,
| ~(aj—1) otherwise.

Note that from maximality of the sequence a;,,...,a;, follows that both z,y €
Sk—1 — t(Sg+1) € Tg—1. Thus by Lemma 5.8 there is an upper path from Z to y
in Sp_1 — 0(Sk) € Tk—1. In this way we can replace the upper path ay,...,an in
(SUT)g from z to y by an upper path from z to y in T.

Thus we have justified the first two cases of the above formula. The following
two cases are easy consequences these two. This end the description of the orders
in SUT.

From these descriptions follows immediately that <Y+ is strict for all I. It
remains to show the pencil linearity. Both «- and d-linearity of [-cells, for | < k — 1
or [ > k, are obvious.

To see the ~-linearity of k-cells assume a € Sy and b € T}, such that y(a) =
v(b). Let @ € Si be the <+ *-maximal k-cells, such that vy(a) = ~(@). Then
a e c®(8), € d®(T),. So a € T, is <Tx+-minimal k-cells, such that v(a) = ~(b).
Thus

a <%t g <Tetp,

Thus the v-linearity of k-cells holds. The proof of §-linearity of k-cells is similar.

Finally, we need to establish the 7- and J- linearity of (k — 1)-cells in SUT.

In order to prove the 7-linearity, let = € ¢(Sk+1) and y € T_1 such that y(z) =
v(y). We need to show that z L (SUTk-1.4 4

Let ag € Sk41 such that z € t(ap), a € d(ap) such that z = y(a) and let
ap,...,oq be a lower path in Sky; such that v(oy) € Ty. Since x € (), then
x € v0(ap) and, by Lemma 4.2

v(z) € yyd(an) € ty(o)-

As y(ap) < (), by Lemma 5.3, we have y(z) € ty(a;) Uyyy(aq). Thus we have
two cases:

L y(z) € vy(a),
2. y(z) = yyv(au).

Case 1: v(x) € 1ry().

By Lemma 5.2.2, there is a unique 2z € §y(qy) such that v(z) = y(z) and z <™ x.
As y(ap) € Ty, s0 z € Tj,_y. If y <To=1F 2 then indeed y <(SYDk-1F 2 as required.
By ~-linearity in Tj_1, it is enough to show that it is impossible to have z <Tk-1:1 4.

Suppose contrary, that there is an upper path z, b, ..., b,y in T. Since y(oy) is
<*-minimal in T (as a; € S) and z € §v(oy) N &(by), by d-linearity in Ty we have
v(aq) <t bp. By Lemma 5.3, we have

() € vy(au) € e(bo) < e(br)
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But v(b,) = y so vy(b,) = v(y) = v(x). In particular v(x) ¢ ¢(b,) and we get a
contradiction.

Case 2: y(x) = yyy(cu).

By Lemma 5.2.2 there is z € §y(oy) such that v(z) = v(2)(= yy7v(aq)), so that
we have

Sk717

z <Skvt g < T yy(ay).

As v(oy) € T, and it is <T-minimal in T}, by Proposition 5.16, there is no face
y € Tr_1 so that
z <Mty Tty (o).

So if y € T,—1 and (y) = y(z) then either
y <Te-vt 5 Se-1t o o g <1t yy(ay) <Sk-1,t y.

In either case z L (SUT)k-1,
(k —1)-faces in (SUT).
Finally, we prove the d-linearity of (k — 1)-faces in SUT. Let x € ¢(Sk+1) and
y € Ty_1, t € Tj_o such that t € 6(x) N6(y). We need to show that  LSUTe—1+ 4
Let o € Sgy1 such that z € (o), a € d(ap) such that z = ~y(a), and let
ag, . . .,aq be a lower path in Siy1 such that v(«o;) € T. As z € t(ap), using Lemma
4.2 we have

T 9, as required. This ends the proof of y-linearity of

t €6(z) C dvd(an) C dyy(ao) Uey(ao).
As vy(ap) < v(y), by Lemma 5.3, we have two cases:
Lt € vy(ay),
2. t € dyy(ay).

Case 1: t € vy(ay).

By Lemma 5.2.3, there is a unique 2z € §y(qq) such that t € 6(2) and z <™ x.
As y(ag) € Ty, s0 z € Tj,_y. If y <To-1F 2 then indeed y <(SYDk-1F 2 as required.
By d-linearity in T}, it is enough to show that it is impossible to have z <Tk-1F y.

Suppose contrary, that there is an upper path in T’

Z7b07”'7b’r‘7y'

Since v(qy) is <T-minimal in T} and z € dv(ag) N &(by), by d-linearity of k-faces in
T we have y(oy) <™ by. By Lemma 5.3, we have

t€vy(ag) Culbg) C ... Cu(by).

But v(b,) =y, so t € §(y) C dy(b,). In particular ¢ € ¢(b,) and we get a contradic-
tion.

Case 2: t € dyy(ay).

By Lemma 5.2.3 there is z € §y7(aq) such that ¢ € 6(z) and we have

2 <Okt g Sko1t vy (aq).

As vy(aq) € Tk, and it is <*-minimal face in Tk, by Lemma 5.16, there is no face
y € Ty_1 such that
z <Mty Tty (o).

So if y € T,—; and ¢ € §(y) then either

y STk—17+ o <Sh—1t o or g <SSkt 77(04[) Sskq# y.
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In either case & LSYTk-1% ¢ as required. This ends the proof of d-linearity of
(k —1)-faces in (S UT) and the whole proof that S UT is a positive face structure.
O

Let S and T be positive face structures such that ¢®)S = d®T. Then the

pushout
S

S+ T

cb g T
is called special pushouts

Now we shall describe an w-category S* generated by the face structure S.

The set S}, of n-cell of S* is the set of all positive face sub-structures of S of
dimension at most n, for n € w. The domain and codomain operations in S* are
restricted operations

d® ek . gx ., gx
of the k-th domain and the k-th codomain, for k < n. The identity operation
i sy — 5*
is an inclusion and the composition map
my, ¢ Sy X gz Sy — S
is the sum, i.e. if X, Y are sub-face structures of S of dimension at most n such
that c®) X = d®Y then
my,;,(X,Y)=X+,Y =XUY.

Corollary 6.3 Let S be a weak positive face structure. Then S* is an w-category.
In fact, we have a functor

(=) : Fs™/! — wCat

Proof. The fact that the operation on S* defined above satisfy the laws of
w-category is obvious. The image f(X) of a sub-face structure X of a positive
face structure S under a morphism f : S — T is a sub-face structure of T. The
association X +— f(X) is easily seen to be an w-functor. O

Let S be a positive face structure. We have a functor

I stJr/1 1S — Fst/!
such that
»S(f:B—S)=RB
and a cocone
oS 9
such that
olppg =f:5°(f: B—=8)=B—S5
‘We have

Lemma 6.4 The cocone o° : 5 —= S is a colimiting cocone in Fst/'. Such col-
1miting cones are called special colimits. Any special limit in Fst/1 can be obtained
via some special pushouts and vice versa any special pushout can be obtained from
special limits. In particular, a functor from Fst/1 preserves special limits if and

only if it preserves special pushouts. O
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7 Normal positive face structures

Let S be a k-normal positive face structure S. By pf we denote the unique element
of the set S; — 0(S;41), for | < k. Moreover, as we shall show below py_1 € v(Sk)
and hence the set {z € Si : y(x) = pg—1} is not empty. We denote by pj the
<*t-maximal element of this set. We shall omit the superscript S if it does not lead
to a confusion.

Lemma 7.1 Let S be a (k—1)-principal positive face structure of dimension at least
k, k> 0. Then

~

- S =60 (Sk) Uy B(Sk) = 6D (Sk) U {pi}, forl < k.
5(Si1) = 6B (Sy), forl < k.

pi is <~ -largest element in Sy — 0(Sy41).

Y(p1) = pi-1, for 0 <1 < k.

d(p1) = 6(S) —v(S1), for 0 <l < k.

Sp =0 (p_1) Uy (pg_1), forl <k —2.

S & e

Proof. Ad 1. If H is a hypergraph of dimension greater than [ and v(H;41) C
§(Hj,1) then there is an infinite lower path in Hj,, i.e. <% is not strict. Thus,
if S is a positive face structure of dimension greater than [, we have 6(S;11) €5;. A
positive face structure is normal iff this difference

S;—0(Si41)

is minimal possible (i.e. one-element set), for [ < k. Thus, by the above, we must
have

Sy =6(S14+1) U(Si+1) (1)

The first equation of the statement 1. we shall show by the downward induction on
I. Suppose that we have Sy = 60 (Sy) U~W(S,) (for I = k — 2 it is true by the
above). Then

S =608 U8, =

= 5(5UHI(S)) U (SK)) Uy (6D (S) Uy (SR)) =
500+ (84) U oy (84) U 400D (85) Uy HH(S)) =
= 00(S) Uy (Sk) U6 D (Sk) U D (Sk) =
=50 (Sk) Uy (S)

where the last equation follows from Corollary 4.3.
The second equation of 1. is obvious for [ = k — 1. So assume that [ < k — 1.
We have

{pi} =51 =9(S141) =
= 51 = 65V (S) U (8y)) =
= 51— (6V(Sk) U sy (Sy)) =
Sy — 6W(Sy).

Thus
Sy =0U(Sk) U {p1}
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as required.
Ad 2. Let [ < k Then using 1. we have

5D (S) € 6(Spe1) 260 (Sk) U {pi}

Hence

60 (Sk) = 6(Sip1).

Ad 3. First we shall show that px € Sk — 6(Sk+1). Suppose contrary, that
there is & € Siy1 such that pr € 6(a). Then v(px) € vo(a) = yy(a) U t(a). If
v(px) = 7y(a) then px <™ () i.e. y() is <t-smaller element than py such that
v(v(a)) = pr—1. This contradicts the choice of pg. If v(pr) = t(a) then there
is a € §() such that y(px) € d(a). But this means that px_1 = v(pr) € §(Sk)
contradicting the choice of px_1 € Sk_1—(Sk). This shows that px € Sy —0(Sk+1)-

We need to prove that any maximal lower (Si — 0(Sk+1))-path ends at pg. By
strictness, it is enough to show that if z € Sp — 6(Sky1) and = # py then there
is ' € Sp — 0(Sk+1) such that v(z) € 6(2). So fix x € Sy — 6(Sky1). If we
were to have y(x) € () for some 8 € Sky1, then by Lemma 5.5 we would have
x < v(B). In particular, z € 6(Sky1), contrary to the assumption. Therefore
v(z) € Sk—1 — t(Sk+1). As x,pr € Sk — d(Sk+1), by 7-linearity we have y(z) #
v(pr) = Pr—1. Hence by 1. the set

Aoy = {y € it 7(2) € 6))

is not empty. Let 2’ be the <T-maximal element of this set. It remains to show
that 2’ & 6(Sk+1). Suppose contrary, that there is o € Sy such that 2’ € §(a).
As 1(z) & (Ser1) and (z) € 6(a') 50 v(z) & i(a) and 7(x) # yy(e). Thus
v(z) € 6y(cr). But this means that ' < y(a) and y(a) € Ay(,). This contradicts
the choice of /. This ends the proof of 3.

Ad 4. ~v(pg) = pr—1 by definition. Fix 0 < I < k. As S; = §(S;+1) U {pi},
p; is <T-greatest element in S;. Assume that v(p;) # pi—1. Thus v(p;) <™ pr_1-
Let z € S;. Then x < p; and, by Lemma 5.9, y(z) < ~(p;) <* p;_1. Thus
pi—1 & Y(S1). So v(S;) C 6(S;). But this is impossible in a positive face structure as
we noticed in the proof of 1. This ends 4.

Ad 5. Fix [ < k. First we shall show that

d(p) Ny (S) =0 (2)

Let z € (9)), i.e. there is a € S; such that vy(a) = z. By 1. a <* p;. By Lemma
5.7, there are x € 6(p;) and y € §(a) such that z <t y. Hence x <™ v(a) = z. By
Proposition 5.1, since x € d(p;) it follows that z ¢ d(p;). This shows (2).

By Lemma 5.19, we have

6(51) = (51 = 6(Si41)) U e(Si41) (3)
Since 0(p1) = 6(S — 6(S141)) and ¢(Si41) € 7(51) we have by (2)
6(S; —0(Si41)) Ne(Sig1) =0 (4)

Next we shall show that
t(Sip1) = v(S) N(S) (5)

The inclusion C is obvious. Let x € v(S;) N §(S;). Hence there are a,b € S; such
that y(a) = o € §(b). We can assume that a is <tT-maximal with this property. As
a <~ b, neither a nor b is equal to the <T-greatest element p; € S;. Therefore there
is a € Spy1 such that a € 0(a). If we were to have x = y(a) = vy(a) then ()
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would be a <*-greater element than a with y(y(a)) = z. So v(a) # yy(a). Clearly,
x € v0(a). By globularity, z € §é6(«), as well. Thus x € ¢(«), and (5) is shown.
Using (2), (3), (4), and (5) we have

d(p1) = 6(S1 — 0(S141)) =
=0(S1) = 1(Siy1) =
=0(S1) — (v(S1) N4(S)) =
=0(S) —v(S1)

as required.
Ad 6. By 1. and 2. it is enough to show

6D (Sp—1) = 6V (pr_1),

for I < k — 2. The inclusion D is obvious.
Pick « € S;_1 We have an upper path x,a1,...,a,, px—1. By Corollary 4.3, as
v(a;) € 6(ait+1), we have

0 (a;) = 6Wy(a;) € 6V (5(ai+1)) = 6" (air1)
for i =0,...,r — 1. Then, by transitivity of C and again Corollary 4.3 we get
50 (@) € 60 (ar) € 60 (a,) € 50 (7(a,)) = 3O (py_1).
This ends the proof of the inclusion C and 6. O

Lemma 7.2 Let S be a positive face structure of dimension at least k. Then
1. S is (k — 1)-principal iff d®)(S) is normal iff c*=1(S) is principal,
2. if S is normal, so is d(5),
3. if S is principal, so is c(S).

Proof. The whole Lemma is an easy consequence of Lemma 5.19. We shall show
1. leaving 2. and 3. for the reader.

First note that all three conditions in 1. imply that, |S;—d§(S;+1]| = 1 for I < k—2.
In addition to this they say:

1. Sis (k — 1)-principal iff |S; — 0(S;41)|=1forl =k -2,k — 1.
2. d¥)(S) is normal iff

(@) |[Sk—1—06(Sk —v(Sk+1))| =1, and
(b) |Sk—2 —0(Sk—1)| = 1.

3. c¢*=1)(8) is principal iff

(a) |(Sk—1 = ¢(Sk+1)) = 6(Sk — 0(Sk+1))| = 1, and
(b) [Sk—2 = 6(Sk—1 — ¢(Sk41))[ = 1.
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So the equivalence of these conditions follows directly from Lemma 5.19. O

Let N be a n-normal positive face structure. We define a (n+1)-hypergraph N*®,
that contains two additional faces: pfﬁl of dimension n + 1, and pY" of dimension
n. We shall drop superscripts if it does not lead to confusions. We also put

5(pn+1) - Nnu fY(pn-‘rl) = Pn,

5(pn) = 5(Nn) - 'Y(Nn)v ’7(pn) = pnfl(: V(Nn) - 5(Nn))

As N is normal the v(N,) — 6(NN,,) has one element so v(p,) is well defined. This
determines N°® uniquely. N*® is called a simple extension of N.
Ezxample. For a normal positive face structure N like this

Xro ————» 1

VAN

T3 Lo

the hyper-graph N°® looks like this

i) fl I
f2/ | pd* \ 0
T3 " > L0

Py

We have

Proposition 7.3 Let N be a normal positive face structure of dimension n. Then
1. N°* is a principal positive face structure of dimension n + 1.
2. We have d(N°®) =2 N, c(N°®) = (dN)*.
3. If N is a principal, then N = (dN)®.
4. If T is a positive sub-face structure of N® then either T = N® or T = c(N°*)
orT CN.

Proof. Ad 1. We shall check globularity of the new added cells. The other
conditions are simple.
For p,41, we have:

YY(Prt1) = ¥(Pn) =
= V(Nn) - 5(Nn) =Y0(Pny1) — 55(Pn+1)

and
67(Pn+1) = 0(pn) =

= 5(Nn) - ’Y(Nn) = 66(pn+1) - Vé(pn—&-l)-
So globularity holds for py1.
For p,, using Lemmas 7.1, 5.19 and normality of N, we have:

YY(Pn) = Y(Pn-1) = Pn—2 =

=v(Np-1)
=v(Np—1 —v(Np))
= Y(0(Np) = v(Nn))

—0(Np—1) =
— 0(Np-1 —7(Nn)) =
— 0(0(Nn) —v(Nn)) =
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= 75(pn) - 56(1)”)
and similarly
6v(Pn) = 0(Pn-1) =
=0(Np) = v(Nn) =
=6(6(Np) = v(Nn)) = 7(6(Nn) = v(Nn)) =
= 60(pn) — 0 (Pn)

So globularity for p, holds, as well.
Ad 2. The first isomorphism is obvious.
The faces of (N*®), ¢(N°®), dN, and (dN)*® are as in the tables

dim (N*) c(N*)
n+1| {py; 0
n | NyU{p, } {pn }
n—1 N, Np_1— (’Y(Nn) N 5(Nn))
n—2 Nn,Q Nn72
and
dim dN (dN)*®
n+1 0 0
n 0 Py
(dn)*
n—1] Noo1—7(Vn) | (Vo1 —7(Nn)) U{Pp_y
n—2 Ny Np—o

We define the isomorphism f : ¢(N®) — (dN)* as follows

fn(PéVJ:l) = ng\{).7
dNn)e . .
fro1(z) = 2—1) if 2 = y(py"),
T otherwise.

and f; = 1y, for [ <n —1. Clearly, all f;’s are bijective. The preservation of the
domains and codomains is left for the reader.

3. is left as an exercise.

Ad 4. f ppy1 € Tygq then T'= N°®. If p, €T, then T C N.

Suppose that p,y1 & Tht1 but p, € T),. Since N® = [pn+1], by Lemma 6.1 it is
enough to show that 7' = [p,]. Clearly [pn] C T. As [pni = Nj, for Il <n —1 we
have [p,]; = Tj, for | <n — 1, as well.

Fix £ € N,,. As € 0(pny1) and ¥(Ppy1) = Pn, we have z <V°F p,. So by
Corollary 5.11 x llN.’_ Pn, for any [ < n. Thus we cannot have z J_;‘F’_ Pn, for any
I < n,as well. As T is a positive face structure, again by Corollary 5.11, x ¢ T.
Since x was an arbitrary element of N,,, we have T, = {pn} = [Pn]n-

It remains to show that T,,_1 = [pp)n—1. Suppose that z € N,,_1 — (§(pn) U
7(pn)). Then z <M+ ~(p,) and hence z llN.’_ ¥(pn), for I < n. So z and v(py)
cannot be <ZT’_ comparable, for [ < n. Since, as we have shown, N, N T}, = 0, it
follows that 2 and (p,,) cannot be <7+ comparable. So by Lemma 5.11, = & T}, 1,
ie. T, 1= 5(pn) UPY(pn) = [pn}n—l- g
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8 Decomposition of positive face structures

Let T be a positive face structure, X C T a subhypergraph of T, k € w, a €
(Ty, — t(T}42)). We define two subhypergraphs of 7', X!* and X%, as follows:

{ae X;: /W) (a) <t a} for | > k,
X}"={ {beXp:b<taor b y(Xp1)} forl=k
X for I < k.
{ae X;:y®(a) £1 a} for I > k,
xla _ {beXy:btTaorbg 6(Xpr1)} forl=k
E) Xpo —u(XG) forl=4k—1
X for ] < k —1.

Intuitively, if X is a positive face substructure, X!¢ is the least positive face sub-
structure of X that contains faces ’smaller or equal’ a and can be k-pre-composed
with the 'rest’ to get X. X1¢ is this 'rest’ or in other words it is the largest positive
face substructure of X that can be k-post-composed with X'® to get X (or largest
positive face substructure of X that do not contains faces 'smaller’ than a).

Ezamples. If X is a hypergraph a € T then X1® is a hypergraph as well. However,
this is not the case with X1, if a € +(T), as we can see below:

N D\

Here X = T. The faces in the domain of the 2-dimensional face are not in X1, i.e.
XTe is not closed under 4.
To see some real decompositions let fix a positive face structure 1" as follows:

' AN
o | o * *

SN S\

° - Y > T >~ @

X'le.

Clearly z,y,a,b € T'— (T). Then

Tl
TN
/ \ SV .
° Yy ———x °
and
Tle
[ J ‘U’ [ ®
ALY %\

Moreover with
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we have XlTb = X1 and

X

_—

SN N\

° Yy—2x °

ie. X' =d®(x,). For

Xo
.I:.
SN
° -Y
we have X3¥ = X5 and XJ* = {y}.

We have

Lemma 8.1 Let T be a positive face structure, X C T a subhypergraph of T, a €
(T'—u(T)), a € Xi,. Then

1. X1 and X% are positive face structures;
2. ¢ (xla)y = g (x1e) = xlon xTa;

3. d®)(xle) = dk(X), c®(XT0) = ) (X);
4. X = X104y XTo = Xloy XTe,

Proof. Ad 1. The verification that both X'* and X'® are closed under v and &
is routine.

For any k, if z,y € X,ia then © <™ y iff # <*X' 4. Similarly, for any k, if
x,y € X,la then 2 <X y iff 2 <*X'* y. Thus by Lemma 5.17 both X! and XT¢
positive face structures.

Ad 2. Let as spell in details both sides of the equation.

ck)(xte) is:

1. c®(xley, =0, for I > k;

2. cB(xle), =
({b € Xp: b <* a} U (Xx = 1(Xp1))) — 0({a € Xiy1 : 7(a) <* a});

3. M (X)) = Xy — (XS

4. ¢®(xle), = X, for I < k — 1.
and d®) (XT19) is:

1. d®(XT1e), =@, for I > k;

2. d®)(xTe), =
{beXp:bgTaorb g o(Xpr1)} —v(Xppr — {a € Xpy1 1 v(a) <F a});

3. d®(XT9), ) = Xjy — o(X}9);
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4. d®(XTe), = Xy, for | < k — 1.

Thus to show that c¢®)(X!?) = d®)(X19) we need to verify that ¢ (X'e), =
d®)(X1),. As both sets are contained in X}, we can compare their complements.
We have

X — W (X1 = {b € 6(Xpq1) 1 b < a} Uy(Xpp1 — {0 € Xpar 1 v(e) £ a})
and
X, —d® (X1, = {bey(Xpp1) : b 2T a} Ud({a € Xppry(a) <T a}).
But it easy to see that
{b€0(Xpp1) : b <t a} = 6({a € Xppy1y(a) < a})

and
V(X1 —{a € Xp1:7() £7 a}) = {b € v(Xp11) : b £7 a}.
The second equality uses the fact that a ¢ +(T). Thus ¢®)(X!1), = d® (X19),, as
required.
Ad 3. To see that c¢®)(X1%) = ¢*)(X) it is enough to note that ¢(Xp41) =
L(X]iil) U L(X,lil). The equation d®)(X1¢) = d*¥)(X) is even simpler.
Ad 4. Obvious. O

Corollary 8.2 Let T be a positive face structure, k € w, a € (T, — t(Tk+2)). Then
the square

Tl T

C(k) (Tla) TT“

s a special pushout in Fst/1,

Proof. Follows immediately from Lemmas 6.2 and 8.1. O

We need some notions and notations. Let X, T be a positive face structures
X CT,a€ (T—«T)). The decomposition X = X' U X2 is said to be proper
iff size(X1%), size(X1%) < size(X). If the decomposition X = X1 U X1 is proper
then a is said to be a saddle face of X. Sd(X) is the set of saddle faces of X;
Sd(X)k = Sd(X) N Xp.
Lemma 8.3 Let X, S, T be positive face structures, X CT, 1 € w. Then

1. ifa € (T;—u(T)) then a € Sd(X) iff there are o, 8 € Xy 41 such that y(a) <T a
and +(5) £+ a;

2. if c®)(S) = d*)N(T) then

size(S); + size(T); ifl >k,

size(S +x T = { size(T); if 1 < k;

3. size(S) > 1 iff k < dim(S);
4. if a € Sd(S)y then size(S)gp+1 > 2;

5. S is principal iff Sd(S) is empty.
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Proof. We shall show 5. The rest is easy.

If there is a € Sd(S), then by 2., 3. and Lemma 8.1 we have that size(S)ky+1 =
size(S')pp1 + size(S1%)p41 > 1+ 1 > 1. So in that case S is not principal.

For the converse, assume that S is not principal. Fix k € w such, that
size(S)k+1 > 1. Thus there are a,b € Sk, that a # b. Suppose y(a) € ()
for some o € Syyo. Then by Lemma 5.5, a <* («) contrary to the assumption on
a. Hence a € S — «(S) and for similar reasons b € S — +(S). We have a /* b and,
by pencil linearity, v(a) # v(b). Then either y(a) £ v(b) and then v(b) € Sd(S)x
or v(b) £% ~(a) and then y(a) € Sd(S). In either case Sd(S) is not empty, as
required. O

Lemma 8.4 Let T, X be positive face structures, X C T, and a,x € X — 1(X),
k = dim(z) < dim(a) = m.

1. We have the following equations of positive face structures:

xlela — xlalz  ylele _ xlale  xlzla _ xlele  xlela _ ylafz
i.e. ’the decompositions of different dimension commute’.
2. If v € Sd(X) then x € Sd(X'?) N Sd(X'?).
3. Moreover, we have the following equations concerning domains and codomains
cF) (xteley = cF) (X betay = d® (xTelay = d(k)(XT:vTa)
c(m) (xteley = d(m)(leTa)’ c(m) (xT#loy = dm (x119),
4. Finally, we have the following equations concerning compositions
xlela  xlala _ xlo  xlala | xlele _ xle
xlelae y, xlele — xla - xlele g, xlzla — xla
Proof. Simple check. O

Lemma 8.5 Let T, X be positive face structures, X C T, and a,b € X — 1(X),
dim(a) = dim(b) = m.

1. We have the following equations of positive face structures:
xlalb — xlbla  ylalb _ xfbla

i.e. 'the decompositions in the same dimension and the same directions com-
mute’.

2. Assume a <™ b. Then we have the following farther equations of positive face

structures:
Xla — Xlaib, XTb — XTaTb7 leTa — XTalb.

Moreover, if a,b € Sd(X) then a € Sd(X'?) and b € Sd(X?).

3. Assume a <; b, for some | < m. Then XTbla = xTalb - gre positive face struc-
tures, and
xla +m xlalb — x1b +m xTbla

Moreover, if a,b € Sd(X) then either there is k such thatl —1 < k < m and
v F)(a) € Sd(X) ora € Sd(X'®) and b € Sd(X'?).
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Proof. Simple check. O

Lemma 8.6 Let T', X be positive face structures, X C T, dim(X)=mn,l <n—1,
a € Sd(X);. Then

1. a € Sd(cX)N Sd(dX);

2. d(X') = (dX)le
3. d(XTe) = (dX)1e;
4. c(X1) = (eX)'
5. c(X1%) = (eX)le

Proof. The proof is again by a long and simple check. We shall check part of
5. We should consider separately cases: [=n—2,l=n—3,and [ < n — 3, but we
shall check the case [ = n — 3 only. The other cases can be also shown by similar,
but easier, check.

(cX)Te is:
1. (cX)]* =0, for | > n;
2. (X)) ={z e Xy 1: 7" V(@) £ a, 2¢(Xn)};
3. (X)) ={r€Xun:v(@) £ a, 2 g uXn)}
4. (X)) ={reX,s:x ¢t aorzdd( X o—1(Xn)};
5. (X)) = Xna—t({z € Xog:w g u(Xy), v(2) <t a});
6. X=X, forl <n—4.
and c(X1?) is:
=0, for I > n;
X1 o1 = {2 €Xp1 17" (2) £F a} —6({z€ X0 : /") (2) £7 a});

(1),
2. ¢(X')
(X2 = {r€Xn—2:7(2) £* a} —1({z€ Xy : 7"V (2) £7 a});
(X7)
(X1)
)

bt
o

X1y, s={rzeX, 3:x¢TaorzddX, )}

5. c(XT19),_ g — (X))

6. (XT“Z:XZ, for | <n —4.

We need to verify the equality (cX)lTa =c(X') forl=n—1,...,n—4.

In dimension n — 1, it is enough to show that if x € X,,_; and z € X,, so that
7(=3)(2) £ a and = € §(2) then 4" 3(2) £+ a

So assume that z € X,,_1, 7" 3 (z) £+ a, z € X,, such that z E (5( ). Hence
x <t y(z). By Lemma 5. 9 5 7( N(x) <t =3 (2). Therefore v"=3)(2) £t a
(otherwise we would have 4("~3)(z) £ a), as required.

In dimension n — 2, it is enough to show that if x € X,,_s and z € X,, so that
r £ a and z € 1(2) then v*73(2) £T a

So assume that © € X, 9, 2 € X,, so that x £ a and = € «(z). Hence
z <t 4y(z). By Lemma 5.9.5 y(z) <* 4("3)(2). Therefore v*=3)(2) £F a, as
required.

The equality in dimension n — 3 follows immediately from Lemma 5.19.4.
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To show that in dimension n — 4, the above equation also holds we shall show
that
(XNS) € fr € Xaz @ ¢ 0(Xa), y(2) < a))

Note that, by Lemma 5.3.1, if t € X,,_4 and z € X,,_9, y € X1, t € ¢(z) and
v(z) <t a and z = y(y) then there is 2’ € 6(y) (i.e. 2’ < z and hence v(z') <* a)
such that ¢ € «(2).

Thus, as <T is well founded, from the above observation follows that, for any
t € X,—4 and x € X,,_o that ¢t € ((z) and y(z) <t a, there is 2”7 <T z such that
t € u(z") and 2" & y(X). Then we clearly have that 2" & +(X) and v(z") <* a, as
required. O

Lemma 8.7 Let T,T1,T, be positive face structures, dim(T1),dim(1Tz) > k, such
that ¢®(Ty) = d®)N(Ty) and T = T} +4 To. Then c®(Ty)p N y(Ty) # 0. For any
a € B (T Ny(T1) we have a € Sd(T)y and either Ty = T** and Ty = T1* or
a € Sd(Ty), TY* = T} and T'® = T} +4 T.

Proof. By assumption (T1)ps1 # 0 and (To)pp1 # 0. So ¢¥(Ty) N y(Ty) # 0.
Fix a € c®(Ty) N ~y(T1) # 0. Then Tklil #0. As Tklil N (T2)g+1 = © we must have
a € Sd(T)k

Assume that 7} # T, Then T'* ¢Ty. Hence (1) — (T'%) # (). But this means
that a € Sd(T1)g. The verification that the equalities 7@ = T} and T1% = T+, T,
hold in this case is left as an exercise. O

9 §* is a positive-to-one computad

Proposition 9.1 Let S be a weak positive face structure. Then S* is a positive-to-
one computad whose k-indets correspond to faces in S.

Proof. Note that in the proof of Lemma 6.1.4 we were not using pencil linearity.
So if S is a weak positive face structure and a € Sy, then the subhypergraph [a] of S
is a principal positive face structure.

The proof is by induction on dimension n of the weak positive face structure S.
For n = 0,1 the Proposition is obvious.

So assume that for any weak positive face structure 7" of dimension n, 7™ is a
positive-to-one computad of dimension n, generated by faces in T'. Suppose that S
is a weak positive face structure of dimension n + 1. We shall show that S* is a
computad generated by faces in S. Since S<,, is a weak positive face structure, by
inductive assumption S% , is the computad generated by faces in S<,,. So we need to
verify that for any w-functor f : SZ, — C to any w-category C, and any function
|f| - Spy1 — Chyq such, that for a € S,41

do(|f|(a)) = f(d([a]),  co(lfl(a)) = f(c([al)),

there is a unique w-functor F' : §* — C, such that

Fopa(la]) = [fl(@),  Fen=f

as in the diagram
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T
| |7
s
We define F,, ;1 as follows. For X € S, 4
idg(x) if dim(X) <n,
Foi1(X) =< |fl(a) if dim(X)=n+1, X is principal and X =

Froi (X' Fo (X1 if dim(X) =n+1, a € Sd(X);.

;1 refers to the composition in C. Clearly Fj, = f; for £k < n. The above morphism,
if well defined, clearly preserves identities. We need to verify, for X € S}, and
dim(X) = n + 1, three conditions:

I F is well defined, i.e. Fy,11(X) = F,11(X'%); F,11(X 1) does not depend on
the choice of the saddle face a € Sd(X);

II F preserves the domains and codomains i.e., F,(d(X)) = d(F,+1(X)) and
Fn(e(X)) = e(Fra(X));

IIT F preserves compositions i.e., Fy,11(X) = Fy11(X1);k Fr+1(X2) whenever X =
X1+ X2 and dim(X1), dim(X2) > k.

We have an embedding [—] : S<, — S%,,.

So let assume that for positive face substructures of S of size less than size(X)
the above assumption holds. If size(X),4+1 = 0 or X is principal all three conditions
are obvious. So assume that X is not principal and dim(X) = n + 1. To save on
notation we write F' for Fj,41.

Ad I. First we will consider two saddle faces a,z € Sd(X) of different dimension
k = dim(xz) < dim(a) = m. Using Lemma 8.4 we have

F(X'). F(X1%) = ind. hyp. I
= (F(Xtelm) P(XTR)), (P(XT40);, F(XT910)) = MEL
= (F(xtebmy,, X)) (F(XT);,, F(XTT)) =
= (F(X ') F(XI10))5 (F(X 1), F(XT19)) = ind. hyp. TT1
= F(X');n F(XT7)

Now we will consider two saddle faces a,b € Sd(X) of the same dimension dim(a) =
dim(b) = m. We shall use Lemma 8.5. Assume that a <, b, for some | < m. If
7 #)(a) € Sd(X), for some k < m, then this case reduces to the previous one for
two pairs a,v)(a) € Sd(X) and b,7*)(a) € Sd(X). Otherwise a € Sd(X ') and
a € Sd(X1%) and we have

F(X') F(X19) = ind. hyp I
F(XY)5 (F(XT90) P(XT10)) =
—( (X, F(XT9))5 F(XTYT%) = ind hyp IT1
( kXTalb) ( TbTa) —
F(Xx 1, xtblay. p(XTPTe) = ind hyp 111
= (F (X“’) (Xm“)) F(x1Te) =
=F(X“’),k(F(XT’”“) F(XT1%)) = ind hyp I
F(X ), F(XTP)
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Finally, we consider the case a <t b. We have

F(X'): F(X1%) = ind. hyp I
= F(X1)0 (F(X 19405 F(XT1017)) =
= F(X) (P T9): F(XTP) =
= (F(X o) F(X 1) F(XTY) = ind hyp T

= F(X1"); F(XT)
This shows that F'(X) is well defined.
Ad II. We shall show that the domains are preserved. The proof that, the
codomains are preserved, is similar.
The fact that if Sd(X) = 0 then F preserves domains and codomains follows
immediately from the assumption on f and |f|. So assume that Sd(X) # () and let
a € Sd(X), dim(a) = k. We use Lemma 8.6. We have to consider two cases k < n,

and k£ = n.
If £ < n then

= ind hyp 111

= ind hyp I1

Ad III. Suppose that X = X;;; X2 and dim(X) < n+ 1. We shall show that F'
preserves this composition. If dim(X;) = k then X = X5, X; = d® (X2). We have

Fn-l-l(X) - Fn+1(X2) = 1(n—é_1()k>(x ))akz Fn+1(X2) =

n+1
15.7,1_)()1),]{ Fn+1(X2) n+1(X1);k Fn+1(X2)

The case dim(X2) = k is similar. So now assume that dim(X),dim(Xs2) > k. We
shall use Lemma 8.7. Fix a € ¢®(X1), N~v(X1). So a € Sd(X);. If X; = X' and
X5 = X% then we have

F(X) = F(X')3 F(X1) = F(X1)i F(X2).
Ifa e Sd(Xl)k then

F(X)=F(X'); F(X'%) = ind hyp II
= F(X1); (F(X]")3 F(X)) =
= (F(X}{") F(X{")u F(X2) = ind hyp IT

F(X1) F(X2)
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So in any case the composition is preserved.
This ends the proof of the Lemma. O
For n € w, we have a functor

+/1

(=) : wFs/! — Comma}

such that, for S in wFs}/!
Sﬁ”n = (Sna Szna [5]a [’Y])
and for f: S — T in wFs}/! we have

F2 = (fa, (F<n)®).

Corollary 9.2 For every n € w, the functor (—=)b" is well defined, full, faithful,
and it preserves existing pushouts. Moreover, for S in WFS,—:/I we have S* = Stn,

Proof. The functor (—)" : Comma;/’ — Comp/! which is an equivalence of
categories is described in the Appendix.
Fullness and faithfulness of (—)" is left for the reader. We shall show simulta-
neously that for every n € w, both functors
(=) : wFs!/! — Comma/! (=)*": wFst/! — Comp;/!

mn )

preserve existing pushouts. For n = 0 there is nothing to prove. For n = 1 this is
obvious. So assume that n > 1 and that (—)*™ preserves existing pushouts. Let

S——S+rT
R T

be a pushout in WFS:LZ/rll. Clearly its n-truncation is a pushout in wFs;” /T, Hence

by inductive hypothesis it is preserved by (—)*". In dimension n + 1, the functor
(—)®"+1 is an inclusion. Hence, in dimension n + 1, this square is a pushout (of
monos) in Set. So the whole square

Sﬁ,n—l—l (S +r T)lj,n—i—l
Rﬁ»n"rl Thn+1

is a pushout in Comma,, 1, i.e. (=)' preserves pushouts. As (—)*"*!is a
composition of (—)ﬁ’”Jrl with an equivalence of categories it preserves the pushouts,

as well. O

Corollary 9.3 The functor
(=)*: wFs™/! — Comp™/!

1$ full and faithful and preserves special pushouts.

Proof. This follows from the previous Corollary and the fact that the functor (—)"
Comma;’ n Comp;{/ ! (see Appendix) is an equivalence of categories. O
Let P be a positive-to-one computad, a a k-cell in P. A description of the cell a
is a pair
<Toy7a:T; — P>
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where T, is a positive face structure and 7, is a computad map such that
To(Th) = a.

In the remainder of this section we shall define some specific positive face struc-
tures that will be used later. First we define o, for n € w. We put

0 ifl>n
a = {2n} ifl=n
(20+1,21} if0<i<n

.on n
d,C.al HOél_l

d(z) ={2l — 1} clx)=20—2

forz€aj,and 1 <1 < n.
For example o* can be pictured as follows:

A

7. 6

e

5 4

]

3.2

T

1 0

i.e. 8 is the unique cell of dimension 4 in o* that has 7 as its domain and 6 as its
codomain, 7 and 6 have 5 as its domain and 4 as its codomain, and so on. Note
that, for any k < n, we have

d®Fan = oF = c®qn,

Let n1 < ng,ne and n3 < no,ngs. We define the positive face structures o0-"1:*2
and @"0"1m2:m3:4 a5 the following colimits in Fst/1:
Oéno, L ono,n1,N2 Oéno, &, QM0:M1,M2,13,M4 K3 oM
(n1) K (n1) K (n3)
a™ a2 a™ -2 < a3
4 qm) c(m3)
a2 a2 a2
‘We have

Proposition 9.4 The above colimits are preserved by the functor
(=)* : Fs*/1 — Comp*/'.
Moreover for any w-category C we have bijective correspondences

wCat((a™)*,C) = Cy,
wCat((a0mm2)* O = {(x,y) € Cpg X Cp, : ™) (z) = d™) (y)}

wCat((a0mn2nsna)* () =
= {(#,9,2) € Cng X Cppy X Cry " (@) = d™(y) and ™) (y) = d")(2)}

which are natural in C.
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Proof. As both positive face structures o2 and 0,1 "2:73,4 are obtained
vis special pushout (in the second case applied twice) these colimits are preserved
by (=)*. O

The essential image of the full and faithful functor (=)* : Fs™/! — Comp*/!
is the category of the positive computypes and it will be denoted by Ctypes+/ 1 Thus
the categories Fst/1 and Ctypest/! are equivalent. The full image of the functor
(—)*: : Fst/! — wCat will be denoted by Ctypesy 51 The objects of Ctypesy, 51 are
w-categories isomorphic to those of form S* for S belng positive face structure and

+/1

the morphism in Ctypes,’" are all w-functors.

10 The inner-outer factorization in Ctypes” 1

Let f: 8% — T™ be a morphism in Ctypes:f/l. We say that f is outer' if there is
a map of face structures g : S — T such that ¢* = f. We say that f is inner iff
faim(s)(S) = T. From Corollary 9.3 we have

Lemma 10.1 An w-functor f:S* — T* is outer iff it is a computad map. O
Proposition 10.2 Let f : S* — T* be an inner map, dim(S) = dim(T) > 0. The

maps df : dS — dT and cf : ¢S — cT, being the restrictions of f, are well
defined, inner and the squares

(dT)* d} . T* o C; (CT>*
df f cf
(dS)* - S (cS)"

commute.

Proof. So suppose that f : S* — T* is an inner map. So f(S) = T. Since f is an
w-functor we have

F(dS) =df(S)=dT and f(cS)=cf(S) = cT.

This shows the proposition. O
We have

Proposition 10.3 The inner and outer morphisms form a factorization system in

Ctypes+/ So any w-functor f : S* — T™ can be factored essentially uniquely by

mner map f followed by outer map f

S* f ‘T*
A
f(8)”

Proof. This is almost tautological. O

!The names ’inner’ and ’outer’ are introduced in analogy with the morphism with the same
name and role in the category of disks in [J].
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11 The terminal positive-to-one computad

In this section we shall describe the terminal positive-to-one computad 7.

The set of n-cell 7,, consists of (isomorphisms classes of) positive face structures
of dimension less than or equal to n. For n > 0, the operations of domain and
codomain d”,¢” : T, — T,_; are given, for S € 7, by

) S it dim(S) < n,
d(5) = { dsS if dim(S) = n,
and
) S ifdim(S) <n,
o(8) = { cS if dim(S) =n.
and, for 5,5 € 7, such that ¢*)(S) = d*)(S") the composition in 7 is just the
pushout S;, S = S+, 9 i.e.

S S+ S

ckg s’
The identity id7 : T,,—1 — 7, is the inclusion map.
The n-indets in 7 are the principal positive n-face structures.

Proposition 11.1 7 just described is the terminal positive-to-one computad.

Proof. The fact that 7 is an w-category is easy. The fact that 7 is free with free
n-generators being principal n-face structures can be shown much like the freeness
of §* before. The fact that 7 is terminal follows from the following observation:

Observation. For every pair of parallel n-face structures N and B (i.e. dN = dB
and cN = ¢B) such that N is normal and B is principal there is a unique (up to an
iso) principal (n + 1)-face structure N°® such that dAN®* = N and cN®*=B. O

Lemma 11.2 Let S be a positive face structure and ! : S* — T the unique map
from S* to T. Then, forT € S; we have

W(T) = T.

Proof. The proof is by induction on k € w and the size of T"in S}. For k = 0,1
the lemma is obvious. Let £ > 1 and assume that lemma holds for ¢ < k.

If dim(T') = | < k then, using the inductive hypothesis and the fact that ! is an
w-functor, we have

W(T) =l (1%) = 1!(,16()T) =1 =T
Suppose that dim(T) = k and T is principal. As !is a computad map !(7) is
an indet, i.e. it is principal, as well. We have, using again the inductive hypothesis
and the fact that ! is an w-functor,

d('x(T)) =lk—1(dT) =dT

c(\x(T)) =lk—1(cT) =T
As T is the only (up to a unique iso) positive face structure with the domain d7T
and the codomain c7, it follows that !x(7") = T', as required.

Finally, suppose that dim(T) = k, T is not principal, and for the positive face
structures of size smaller than the size of T' the lemma holds. Thus there are [ € w
and a € Sd(T); so that

e(T) = (TH, T19) =1 (T (T = Tl T = 7

as required O
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12 A description of the positive-to-one computads

In this section we shall describe all the cells in positive-to-one computads using pos-
itive face structures, in other words we shall describe in concrete terms the functor:

(=) Commai/1 — Comprf/1

More precisely, the positive-to-one computads of dimension 1 (and all computads
as well) are free computads over graphs and are well understood. So suppose that
n > 1, and we are given an object of CommaJr/l, i.e. a quadruple (|P|,, P, d,c)
such that

1. a positive-to-one (n — 1)-computad P;

2. a set |P|, with two functions ¢ : |P|, — |P|,—1 and d : |P|, — P,_1 such
that for z € |P|,, cc(x) = cd(x) and dc(z) = dd(x); we assume that d(z) is
not an identity for any x € |P|,.

If the maps d and ¢ in the object (|P|,, P,d, c) are understood from the context we
can abbreviate notation to (|P|,, P).

For a positive face structure S, with dim(S) < n, we denote by S%™ the object
(S, (S<n)*,[0],[7]) in Comma"’/1 In fact, we have an obvious functor

(=) : Fs*/! — Comma, /!
such that
S (Sn, (S<n)", [6], 7))

Any positive-to-one computad P can be restricted to its part in Comma,’ /1. So we
have an obvious forgetful functor

(=)%" : Comp*/! — Comma;/!

such that
P = (|P|naP<n)d7C)

We shall describe the positive-to-one n-computad P whose (n — 1)-truncation is
P and whose n-indets are | P|,, with the domains and codomains given by ¢ and d.
n-cells of P. An n-cell in P, is a(n equivalence class of) pair(s) (S, f) where

1. S is a positive face structure, dim(S) < n;

2. f:(Sn, (S<n)*, 0], [7]) — (|P|n, P, d,¢) is a morphism in Comma/!, i.e.

|fln

Sh, | P,

B —

Sn—l n—1
fn—l
comimutes.

We identify two pairs (.5, f), (S’, f’) if there is an isomorphism h : S — S’ such
that the triangles of sets and of (n — 1)-computads

Sh L S (S<n)* (rcn)” (SZn)*
fx\ A \ /<n

| Pln
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commute. Clearly, such an h, if exists, is unique. Even if formally cells in P,
are equivalence classes of triples we will work on triples themselves as if they were
cells understanding that equality between such cells is an isomorphism in the sense
defined above.

Domains and codomains. The domain and codomain functions

d(’“), R P, — Py
are defined for an n-cell (S, f) as follows:
d(lf)(g7 f) = (d® g, d(k)f)
where, for z € (d*)9),
(@™ f)r(x) = fir([2])(x)

(i.e. we take the sub-face structure [z] of S, then value of f on it, and then we
evaluate the map in Comma,/! on z the only element of [z]},),

d®f) = f

for [ < k;
(S, f) = (cWs, ™ f)

where, for z € (c®)8),
(€™ f)i(z) = fullz]) ()
and

d™ 1) = f

for I < k, i.e. we calculate the k-th domain and k-th codomain of an n-cell (S, f) by
taking d®) and ¢*) of the domain S of the cell f, respectively, and by restricting
the maps f accordingly.

Identities. The identity function

i: P, — P,
is defined for an (n — 1)-cell ((S, f) in P,—1, as follows:

. (S, f) ifdim(S)<n-—1,
i(5, f) :{ (S,F) if dim(S)=n-1

Note that f is the map Compi 1 11 which is the value of the functor (=) on a map f

+/1

from Comma,,’ ;.

as an n-cell.
Compositions. Suppose that (S?, f?) are n-cells for i = 0, 1, such that

So it is in fact defined as 'the same (n — 1)-cell’ but considered

k(SO f0) = a®) (St ).

+/1
n

(8% fO)m (81, f1) = (8% 44 ST, 1%, £1])

Then their composition is defined, via pushout in Comma_’/", as

i.e.
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SO 1S} - | P,
61 | d| |c
((S° +1 SN <n-1)5 4 5 1 - P

[ n—1» n—l]
This ends the description of the computad P.
Now let h: P — @ be a morphism in Commajl'/l, i.e. a function h,, : |P|, —
|Q|» and a (n — 1)-computad morphism h<,, : P, — Q< such that the square

hn
d| |c d| |c¢
P,y o1 > Qn—l
commutes serially. We define
h:P—Q

by putting hy = hy, for k < n, and for (S, f) € Py, we put

h(S, f) = (S,ho f).

Notation. Let z = (S, f) be a cell in P, as above, and a € Sd(S). Then by
zle = (Sle flay and 21e = (812, f1%) we denote the cells in P, that are the obvious
restriction x. Clearly, we have ¢ (z!%) = d®)((21%) and that = = z'%;, 21%, where

= dim(a).

The following Proposition states several statements concerning the above con-
struction. This includes that the above construction is correct. We have put all
these statement together as we need to prove them together, that is by simultane-
ous induction.

Proposition 12.1 Let n € w. We have
1. Let P be an object of Comma/'. We define the function

"
nPZ‘P‘n—’Pn

as follows. Let x € |P|,. As c(z) is an indet d(x) is a normal cell of dimension
n — 1. Thus there is a unique description of the cell d(x)

< Ty(z)> Taw) * Ta(ey — Pen >
with Ty, being normal positive face structure. Then we have a unique n-cell
in P:
T=<Tguy, Teln: {T3w)t = [P, (Te)<n : (Ti))<n — Pen >
(note: ‘Tj(x)\n ={T3)}) such that
|?I|H(Tc?(x)) =z

and

_ | (=) if S =c(Ty,)
(Ta)n-1(5) = { ades(S) i S C ded( )

and (Tx)<(n-1) = (Tde)<(n—1)- We put np(z) = 7.

Then P is a positive-to-one computad with np the inclusion of n-

indeterminates. Moreover any positive-to-one n-computad @ is equivalent to

a computad P, for some P in Comma;f/l.
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2. Let P be an object of Comma/', | : P — T the unique morphism into the

n K

terminal object T and f : S*™ — P a cell in P,. Then

(f:S¥" — P)= 5.

3. Let h: P — Q be an object of Comma;r/l. Then h: P — Q is a computad
morphism,

4. Let S be a positive face structure of dimension at most n. Moreover, for a

morphism f : S — P in Commaﬁ/1 we have that

Fu(T) = fo(ir)™"
where k <n, T € S and it : T — S is the inclusion.

5. Let S be a positive face structure of dimension n, P positive-to-one computad,
g,h:S* — P computad maps. Then

g=nh iff gn(s) :hn(s)

6. Let S be a positive face structure of dimension at most n, P be an object in

Commajf/l. Them we have a bijective correspondence

f:8%" — P ¢ Comma, /!
f:8* — P € Comp,/!

such that, f,(S) = f, and for g : S* — P we have g = g,(S).

7. The map
KL HComp(S*,?) — P,
S
g:S* =P — gu9)

where coproduct is taken over all (up to iso) positive face structures S of di-
mension at most n, s a bijection. In other words, any cell in P has a unique
description.

Proof. Ad 1. We have to verify that P satisfy the laws of w-categories and that
it is free in the appropriate sense.

Laws w-categories are left for the reader. We shall show that P is free in the
appropriate sense.

Let C be an w-category, g<p, : P<, — C<,, and (n—1)-functor and g, : |P|, — Cp
a function so that the diagram

1P|, n -,

d c d c

_ Ch_
n—1 In_1 n—1

commutes serially. We shall define an n-functor g : P — C extending ¢ and g,,. For
x = (S, f) € P, we put

Lo tofur(s) if dim(S) < n,

Gn(x) =13 gno fn(mg) if dim(S) =mn, S is principal, S, = {mg}
G, (2131 G, (21%) if dim(S) = n, a € Sd(S)
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We need to check that g is well defined, unique one that extends g, preserves
domains, codomains, compositions and identities.

All these calculations are similar, and they are very much like those in the proof
of Proposition 9.1. We shall check, assuming that we already know that g is well
defined, and preserves identities that compositions are preserved. So let T', 11, 15
be positive face structures such, that T'= T} 4+ T5. Since g preserves identities, we
can restrict to the case dim(Ty),dim(T3) > k.

Fix a € c®(T1), N y(T1). So a € Sd(T)y. If Ty = T and Ty = TT® then we
have

Ifa e Sd(Tl)k then

g(T) = g(T'*);, (") =
= g(T*), @(T{ ") 7(T2)) =
= @1 g(T") 0 3(T) =

9(T1)31 g(T>)

The remaining verifications are similar.

Ad 2. Let ! : P — T be the unique computad map into the terminal object, S
a positive face structure such that dim(S) =1<mn, f:S¥" — P a cell in P,,.

If | < n then by induction we have !,(f) = S. If l = n and S is principal then
we have, by induction

L (d(f) : (dS)*" — P) =dS, L(e(f) : (eS)4" — P) = cS.

As f is an indet in P, !,(f) is a principal positive face structure. But the only (up
to an iso) principal positive face structure B such that

dB = dS, dB =dsS

is S itself. Thus, in this case, !, (f) = 5.
Now assume that [ = n, and S is not principal, and that for positive face struc-
tures T' of smaller size than S the statement holds. Let a € Sd(S),. We have

'n(f) :!n(flaﬁc fTa) :!n(fia);k ]n(fT&) = Sla;k STa =S

where f1¢ = fo (k!®)%" and f1¢ = fo (k1*)%" and k!® and k!* are the maps as in

the following pushout

gla B L g
e
c(k) S STCL

Ad 3. The main thing is to show that h preserves compositions. This follows
from the fact that the functor

(—)b": Fs/! — Commat/!

preserves special pullbacks.

Ad 4. This is an immediate consequence of 3.

Ad 5. Let S be a positive face structure S of dimension at most n. To prove 5.,
we are going to use the description of the n-cells in positive-to-one computads given
in 1. Moreover, note that by 3. and Lemma 11.2 we have that for 7' € S}, the value
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of g at T is a map in Comma;:/l, such that g (7)) : T4k — PPk ie. the domain

of gi(T) is necessarily T%F.

The implication = is obvious. So assume that g,h : S* — P are different
computad maps. Then there is £ < n and x € Sj such that gx([z]) # hi([z]). We
shall show, by induction on size of T', that for any T € S}, such that z € T', we
have

9k(T) # hi(T) (6)

T = [z] has the least size among those positive face structures that contain x.
Clearly, (6) holds in this case by assumption.

Suppose that (6) holds for all U € S}, whenever for I’ < [ and z € U. Suppose
that T' = [y] for some y € S}, and = € [y]. Then either z € d[y] or = € c[y]. In the
former case we have, by inductive hypothesis, that gi(dT) # hy(dT').Thus

d(gr(T)) = gr(dT) # hi(dT) = d(gr(T))

But then (6) holds as well. The later case (x € c[y]) is similar.

Now suppose that T is not principal x € T and that for U of a smaller size with
x € U the condition (6) holds. Let a € Sd(T),. Then either x € T or z € T1%.
Both cases are similar, so we will consider the first one only. Thus, as 7% has a
smaller size than T, by inductive hypothesis we have

gi(T) # hy,(T) (7)

As the compositions in P are calculated via pushouts we have that

(T )i gu(T1) = [(TH), u(T1)]

where [g;(T"%), g;(T"?)] is the unique morphism from the pushout as in the following

diagram:
Tla
/ [ai( Tla ), qu(T1)]
(T1e)sl T g(T19)

(c TTa)ﬁ, Tia

Similarly
h (T4 )5 by (T1) = [hy(TH), hy(T1)]

As morphism form the pushout are equal if and only if their both components are
equal we have
a(T) = gu(T* T1%) = gu(T*)5 gu(T"*) =

[9u(T*), @i (T1)] # [ (T*), by (T)] =
= M) (T1) = hy(T*5, T1%) = (1)
Thus (6) holds for all ' € S* such that z € T. As x € S, we get that

gn(S) # hn(S)
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as required.
Ad 6. Fix a positive face structure S of dimension at most n.
Let f:S8%" — P be a cell in P,,. By 4, we have

Fal8) = fo (i)™ = fo ()" = fo (15") = f.
Let g : S* — P be a computad map. To show that g = g,(S), by 5, it is enough
to show that

(gn(S))n(S) - gn(s)

Using 4 again, we have,
(92(9))n(S) = gn(S) 0 (is)*" =

= gn(S) oigen = gn(S) 0 Lgtm = gn(S).

Thus, by 5, (9.(5)) = g

Ad 7. Tt follows immediately from 6. O

From the Proposition 12.1.7 we know that each cell in a positive-to-one computad
has (up to an isomorphism) a unique description. The following Proposition is a bit
more specific.

Proposition 12.2 Let P be a positive-to-one computad, n € w, and a € Py,. Let T,
be 'P(a) (where ¥ : P — T is the unique morphism into the terminal computad).
Then there is a unique computad map 74 : Tyt — P such that (14)n(Ta) = a, i.e.
each cell has an essentially unique description. Moreover, we have:

1. for any a € P we have
Tda = d(Ta) = Tjga = Ta © (dTa)*, Te(a) = C(Ta) = Te(a) = Ta © (cTa)*7

Tly = Ta

2. for any a,b € P such that ¢®) (a) = d*) (b) we have
Taph = [Tas o) : T}, +etrTs Ty, — P,
3. for any positive face structure S, for any computad map f : S* — P,
Tra(s) = -

4. for any positive face structure S, any w-functor f : S* — P can be essentially
uniquely factorized as

s —I . p
Ny s
)

Tis

where f™ is an inner map and (75(s): Ty(s)) is the description of the cell f(S).

Proof. Using the above description of the positive-to-one computad P we have
that a : (T,)P" — P We put 7, = a@. By Proposition 12.1 point 6, we have that
(Ta)n(Tw) = @n(T,) = a, as required.

The uniqueness of (Ty, 7,) follows from Proposition 12.1 point 5.

The remaining part is left for the reader. O
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13 Positive-to-one computads form a presheaf category

In this section we want to prove that the category Comp” 1'is equivalent to the
presheaf category Set®PFs™/H? fact, we will show that both categories are equiv-
alent to the category st((Fer/ Dyor_ Set) of special pullbacks preserving functors
from (Fs™/1)% to Set.

First note that the inclusion functori : stH 1 Fst/! induces the adjunction

Ran;

op op

Set(PFst/h) " Gpp(Fst/Y)

i*

with i* is the functor of composing with i and Ran; is a the right Kan extension
along i. Recall that for F'in Set(stﬂl)OP, S in Fst/1 it is defined as the following
limit

(RaniF)(S) = LimF o 5°P
where ¥5 is the dual of the functor ©° defined before Lemma 6.4. Note that as
(pFs™/!' | §)? = S | (pFs™/1)% we have

nSop . S| (pFS+/1)op . (pFS+/1)Op,

As iis full and faithful the right Kan extension Ran;(F') is an extension. There-
fore the counit of this adjunction

erp: (Rani F)oi— F

is an isomorphism. The functor RaniF' is so defined that it preserves special limits.

Hence by Lemma 6.4 it preserves special pullbacks. It is easy to see, that for G in
op

Set®s"'D™ the unit of adjunction

nag : G — Rani(G o i)
is an isomorphism iff G preserves special pullbacks. Thus we have
Proposition 13.1 The above adjunction restricts to the following equivalence of
categories
Ran;
. sPb((Fst/1)or, Set)

i*

Set(st+/1 )01)

d

Now we will set up the adjunction

)
sPb((Fst/1)or, Set) _ " Comp*/*
(=) = Comp™/!((~)*, -)

which will turn out to be an equivalence of categories. The functor (/—\) sends a
positive-to-one computad P to a functor

P = Comp™/1((=)*, P) : (Fst/1)? —, Set
(=) is defined on morphism in the obvious wa , by composition. We have
(—) p y, by comp

Lemma 13.2 Let P be a positive-to-one computad. Then P defined above is a
special pullbacks preserving functor.
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Proof. This is an immediate consequence of the fact that the functor (—)* pre-
serves special pushouts. O

Now suppose we have a special pullbacks preserving functor F : (Fs+/ 1)0p —
Set. We shall define a positive-to-one computad F.

As n-cells of F we put

F,=]]F(S)
S

where the coproduct is taken over all> (up to iso) positive face structures S of
dimension at most n.
If £ < n, the identity map

1. B, — F,

is the obvious embedding induced by identity maps on the components of the co-
products.

Now we shall describe the domains and codomains in F. Let S be a positive
face structure of dimension at most n, a € F(S) < F,,. We have in Fs*/! the k-th
domain and the k-th codomain morphisms:

S
at” N
d® s ckg

We put

) (q) = F(cgk))(a) € F(c™$) — Fy.

Finally, we define the compositions in F. Let ni,ng € w, n = max(niy,ng),
k < min(ni,n2), and

a € F(S)— Fy, be F(T) — Fp,,

such that
®(a) = F(c)(a) = F(dF)(b) = dM (0).

We shall define the cell a;; b € F,. We take a special pushout in Fst/1:

S a S+ T
cgk) K2
(k) 5 T
C
aly

As F preserves special pullbacks (from (Fs*/1)?) it follows that the square

?In fact, we think about such a coproduct Hs F(S) as if it were to be taken over sufficiently
large (so that each isomorphism type of positive face structures is represented) set of positive face
structures S of dimension at most n. Then, if positive face structures S and S’ are isomorphic via
(necessarily unique) isomorphism h, then the cells z € F(S) and 2’ € F(S’) are considered equal
iff F(h)(z) =2’
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F(S) F(S+,T)
F(cg”) F(r2)
F(c®9) (T)

~— F
F(a®)

is a pullback in Set. Thus there is a unique element
$EF(S+kT)(_>ﬁn

such that
F(k1)(z) = a, F(r1)(z) =b.
We put
a;rb=rx.
This ends the definition of F'.
For a morphism « : F — G in sPb((Fs*/1)?_ Set) we put

such that

where the coproduct is taken over all (up to iso) positive face structures S of dimen-

sion at most n. This ends the definition of the functor (—).
We have

Proposition 13.3 The functor
(,—V) . sPb((Fst/1)P Set) — Comp™/!

s well defined.

Proof. The verification that (—) is a functor into wCat is left for the reader. We
shall verify that for any special pullbacks preserving functor F : Fst/1% Set,
F' is a positive-to-one computad, whose n-indets are

||, = 1T F(B) — 1T F(S) = F,.
BepFst/! dim(B)=n SeFst/1 dim(S)<n

Let P be the truncation of F in Comma;f/l, i.e. P = F%" We shall show that
F,isin a bijective correspondence with P,, described in the previous section. We
define a function

@ ?n I F n

so that for a cell f: %" — P in P,, we put

Ly, 1(s) if dim(S) < n,
o(f) =14 [falms) if dim(S) = n, S principal, S,, = {mg}
(1) o(F17) if dim(S) = n, a € Sd(S)y.

+/1
n

and the morphisms in o(f'*) and o(f1*) in Comma
tions so that the diagram

are obtained by composi-
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o T

commutes. We need to verify, by induction on n, that ¢ is well defined, bijective
and that it preserves compositions, domains, and codomains.

We shall only verify (partially) that ¢ is well defined, i.e. the definition ¢ for
any non-principal positive face structure S of dimension n does not depend on the
choice of the saddle point of S. Let a,z € Sd(S) so that k = dim(x) < dim(a) = m.
Using Lemma 8.4 and the fact that (—)»™ preserves special pushouts, we have

(1 ) im o(f17) =
= (@) o(F11) )i (0 (f19 )3 0 (f1917)) =
(PO (F1) )51 (D (F11 )3 0(£117))
() i (1)) sk (119 o (F1712))

= o(f)sm o (f17)

as required in this case. The reader can compare these calculations with the those,
in the same case, of Proposition 9.1 (F' is replaces by ¢ and T is replaces by f). So
there is no point to repeat the other calculations. O

For P in Comp+/ ! we define a computad map

77p:P—>15

so that for x € P, we put
npn(x) =1, : T, — P.

For F in sPb((Fst/1)? Set) we define a natural transformation
EF: F— F,

such that, for a positive face structure S of dimension n,

~

(z’fF)S : F(S) —>F(S)
andg:S*—>]5€]§(S) we put

(er)s(g) = gn(9).

Proposition 13.4 The functors

)
sPb((Fst/1)or Set) " Comp™/!
(=) = Comp™/*((=)*, -)
together with the natural transformations n and e defined above form an adjunction
(=) 4 (=)). It establishes the equivalence of categories sPb((Fs™/1)°P Set) and
Compt/!.

Proof. The fact that both n and € are bijective on each component follows im-
mediately from Proposition 12.1 point 6. So we shall verify the triangular equalities
only.

Let P be a computad, and F be a functor in sPb((Fs™/1)%? Set). We need to
show that the triangles
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Y
S

P
1p F

commute. So let f: $* — P € P(S). Then, we have

eponp(f) =epnpof) = (npo fa(S) =

= (P)n(fn(S)) =755y = f

So let = € F(S) — F,,. Then we have

er onp(w) = er(7e) = (Te)n(ln,) = @
So both triangles commutes, as required. O
From Propositions 13.1 and 13.4 we get immediately
Corollary 13.5 The functor

(/—\) : Comp™*/t — SetPEST/H)"

such that for a positive-to-one computad X,
X = Comp™/((—)*, X) : (pFs*/1)P — Set

s an equivalence of categories.

14 The principal pushouts

Recall the positive face structure o™ from section 9. A total composition map is an
inner w-functor whose domain is of form (a™)*, for some n € w. If S is a positive
face structure of dimension n, then the total composition of S (in fact S*) is denoted
by

S* . nx

uoa
It is uniquely determined by the condition x5 (a™) = S. We have

— 5%,

Proposition 14.1 Let N be a normal positive face structure. With the notation as
above, the square

*
N* dN. N.’*
N* N.’*
M 7
an,* an+1,*
an+1

18 a pushout in CtypesI Y Such pushouts are called principal pushouts.

Proof. This is an easy consequence of Proposition 7.3, particularly point 4. O
From the above proposition we immediately get

Corollary 14.2 Ifn > 0 and P is a principal positive face structure of dimension
n then the square
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dP* P*
udP HP
an—l,* a*
s *
is a (principal) pushout in Ctypesj/l. O

Theorem 14.3 (V.Harnik) 3 Let F : (Ctypes;r/l)of” — Set be a special pullback
preserving functor. Then F' preserves the principal pullbacks as well.

Theorem 14.3 is a special case of Lemma 14.6, for k =n — 1.

The proof of the above theorem will be divided into three Lemmas. Theorem
14.3 is a special case of Lemma 14.6, for k =n — 1.

Before we even formulate these Lemmas we need to introduce some construc-
tions on positive face structures and define some w-functors between computypes.
Introducing these constructs and notation for them we shall make some comments
how they are going to be interpreted by special pullback preserving morphisms from
(Ctypes:f/l)ol’ to Set.

Fix k£ < n, and a P principal positive face structure of dimension n. We say
that P is k-globular iff dV P is principal, for k <1 < n, i.e. 6)(p,) is a singleton,
for k <1 < n, where P, = {pn}. The k-globularization mP of P is the k-globular
positive face structure of dimension n defined as follows. Note that by Lemma 7.1
P =0(pi+1) U{p;} for 0 <1 < n. We put

<
5P, :{ {ai,pi} for k <l<n,

P otherwise.
For z € mP,
) pi-1 ifz=q for some k <1 < mn,
P (2) = { vF(z) otherwise.
and

qa if x €mP4 for some k <1 < n,
(5[E]P(.%') = (5P(pk) if x € P,
6P (x)  otherwise.

Note that mP is P itself. Thus the elements of the shape mP* are k-globularized
versions of the elements of the shape P*. As the following positive face structures

cPp =~ cFpp >~ ccbtlpp ~ gcbtlpp >~ qt+bgp
are isomorphic, we can form the following special pushouts

C(k+1)P* K1

C(k:+1)P +.p mP*

*
Cetkt1) p K2

ck) p* A > mP*
i

3The original statement of V.Harnik is saying that the nerve functor from w-categories to (all)
computads is monadic. However, in the present context the argument given by V.Harnik is directly
proving the present statement, i.e. that the principal pullbacks are preserved whenever the special
one’s are. This, statement is used to show that the category of w-categories is equivalent to the
category of special pullback preserving functors from (Ctypes+/1)°p to Set, c.f. Corollary 15.2.
From that statement, the monadicity of the nerve functor is an easy corollary, c.f. Theorem 16.7.
In the remainder of this section the Harnik’s argument, adopted to the present context, is presented.
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and
!

ek gpr — L ok 1)gp +o0r) pBP*

* !
Cetk+D)gp Ko

C(IC)FM< (k:),* > mP*
dpp
We describe in details the positive face structures we have just defined:
P, P =c*YPy gypeP, and P"=c" VP 4 oopeP,

for a (k 4 1)-globular positive face structures P, i.e. in case P is equal to EmP.

dim P mP P’ P
n {pn} {pn} {pn} {pn}

n—1 {qn—la pn—l} {qn—la pn—l} {qn—h pn—l} {qn—la pn—l}

E+1 | {dppa,Preat {dkt1, P} | {rrps Qers Pea | Tk, Qi1 Phop }
kol 0(Pr+1) U{pe}t | {ar,pr} | 0(Pr+1) U {qk, Pr} {ry, dr, pr}

l P, P, Iy P,

0 <1 < k. The functions v and § in both P’ and P” are easy to figure out. We give
few less obvious values below. In P’

5 (rp1) = 0 (Prs1)s 07 (Qrp1) = 67 (Prs1) = ai

Y (rrr1) = ar, v (ake1) =7 (Prt1) = Prs

and in P”

/!

7 (rpg1) = 1.

Now we shall define some w-functors between computypes. To describe their
meaning let us fix a special pullback preserving functors from F : (Ctypes:f / 1)0p —
Set.

The w-functors denoted by letter p are interpreted as operation that 'globularize’
cells. We have two of them. The first one p°" : a™* — S* was already introduced
at the beginning of this section for any positive face structure S. The second is the
w-functor

Wy - BP" — EmP*
such that

) X —{a})Uo(Prt1) ifqre X
H(X) = { X otherwise.

for X € gP*, and
The fact that these operations are interpreted as globularization of cells can be
explained as follows. The function

Fpg) - FEmP") — F@P”),

takes a (k + 1)-globular n-cell a € F(EmP*) and returns a k-globular n-cell
F(pg)(a) € F@P*). Intuitively, F(py) is composing the k-domain of a leaving
the rest 'untouched’. So it is a ’one-step globularization’. On the other hand, the
function

F(u¥): F(§8%) — F(a™")
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is taking an n-cell b of an arbitrary shape S* and is returning a globular n-cell. This
time F(u®") is composing all the domains and codomains in the cell b as much as
possible, so that there is nothing left to be compose. This is the ’full globularization’.
Instead of writing F(ug)(a) and F(u ) (b) we write pz(a) and p° (b) or even u(a)
and p(b) if it does not lead to confusions. The same conventions will apply to the
other operations that we introduce below.

We need a separate notation for the w-functor py, : c*+pP* — ¢+ P* such
that

ckp if X = cktlgp
pe(X) =4 c®p if X = cFgP
X otherwise.

for X € c#tgP*. Tt is a version of .
The w-functor
tp: P* — dP*

is given by
dP ifcPCX
Lp(X) = { X  otherwise.

for X € P*. ¢p is a kind of degeneracy map and it is interpreted as ’a kind of
identity’. For a given (n — 1)-cell ¢ of the shape dP*, ¢(¢) is ’identity on ¢’ but with
the codomain composed. This is why we will write ¢; rather than ¢(t).
The w-functor
B, :cPp_—dFp

such that " "
d¥pP if X =c®p
Br(X) = { X otherwise.

for X € P*, is the operation of ’composition of all the cells at the top’ leaving the
rest untouched. Clearly we have 3, _; = dp;¢p.
The following two w-functors

k),* * *
[Lc(k+1)P; dED) N ckFp +otypBPT — P

and
[l’c(kJrl)[E]P; dgp)7*7 1[E1P] : C(k+1)[ﬁp +c(k)P IE]P* — [E]P*

are defined as the unique w-functors making the following diagrams

d® p*
Le(kt1) px o
(k) e K1 P 4 pmP* [1;d®), ] P
Coikrn) p 2 Hm

C(k)_P>k (k),* '[EIP*

and

58



M
k

(k) , 1gpe
e Dgps — L (et )pp 4 o pEPF B @P

* /
Cetr+imp K2 mP*

C(k) P* > nP*

(k),*
dgp
commute.

Finally, we introduce two maps that are a kind of a binary composition but with
a wiskering. The first

S - EDPT — cktp +o) pBP
is given by

(X)) = X U{rer,art if X0 {ary1, Pry1} #0
= X otherwise.

for X € mmP*. The other is ;;, : mP* — cF+Dgp +.» pBP with the same defining
formula, for X € mP*.

In the following diagram all the morphisms that we introduced above are dis-
played. Most of the subscripts of the morphisms are suppressed for clarity of the
picture.

K1

clk+1) px » ekt p +o0p EmP*
J

my+ 1

B — [kt l)pp + (k) p EEDP*

c(k) P* ’ - gP*

The above cube contains two special pushouts mentioned above. The following
Lemma describe some other commutations.

Lemma 14.4 With the notation as above we have:
1. Cpepny pi et pe = B,

* k7
2. Ay psh1 = ng) ; () s
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3. dz(k+1)P, [/C(k+1)P* == 1d(k)P*,
4 g Gem) = Gr)s (g + 1mp),
5. Lc(k+1)[glp*§ﬁk = Mg Le(k+1) p s

k),*
0. (;k‘)7 [l’c(kJrl)gﬂP*;d-é]F)l 5 ]-11;]]3*] = 1@_[-7*,

(k),

k),*
7. (;)7 [l’c(k+1)P*;dP ’”'IE]] = 1]3*.

Proof. Routine check. O
Lemma 14.5 Let F : (Ctypes[ﬁ/l)"p — Set be a special pullback preserving func-

tor, P a principal positive face structure of dimension n. Then for any 0 < k < n,
F' preserves the pullback in (Ctypes+/1)0p

d®) p* EEDP*
By Mg
C(k) p* oF wP*

Proof. Let F : (CtypesZJL / 1)"” — Set be a special pullback preserving functor,
P a principal positive face structure of dimension n. We need to show that the
square

(k),*
F(d(k)P*) F( *)
F(By) F(pg)
F(c® p¥) F(@P*)

F(dgp”)
is a pullback in Set. Let us fix t € F(d® P*) and a € F(c® P*) such that B(t) =
d®) (a). We will check that it is a pullback, by showing existence and uniqueness of
an element b € F(&1P*) such that d*)(b) = t and pu(b) = a.

Ezistence. By Lemma 14.4.1 we have c(¢;) = d®)(a). Since F preserves special

pullbacks and ¢kt p +.x pBP is a special pullback in (CtypesI/ 1)Op we have an

element (¢4, a) € F(c*D P+ o pmP) such that ki (e, a) = ¢ and ko (e, a) = a. We
shall show that the element ¢;3zma € F(&=1P*) is the element we are looking for, i.e.

d®) (L43ema) = t and p(ersgma) = a.
Using Lemma 14.4 2 and 3 we have

d® (4y5ema) = d() =t
and using Lemma 14.4 4, 5, 6 and assumption 3(t) = d¥)(a) we have
p(trimma) = ple)ipa = LB(t)ik® = Ld(®) (a)3d = @

This ends the proof of existence.

Uniqueness. Now suppose that we have two elements b, b’ € F(EmP*) such that
d® () =t = d®(¥) and u(b) = a = pu(b). Then using Lemma 14.4 7 and the
assumption we have

b= L) (b) & p(b) = La(®) (v) Em pd) =1v.

So the element with this property is unique. O

60



Lemma 14.6 Let F : (Ctypes;r/l)"p — Set be a special pullback preserving func-

tor, P a principal positive face structure of dimension n. Then for any 0 < k < mn,
F preserves the following pullback in (Ct%sefjg/l)op

d®) p* EzP* (8)
ak,* v

d(k)7*
an
Proof. The proof is by double induction, on dimension n of the principal positive
face structure P, and k < n.
Note that if £ = 0 then, for any n > 0, the vertical arrows in (8) are isomor-

phisms, so any functor form (Ctypesbf/ 1)°p sends (8) to a pullback. This shows in
particular that the Lemma holds for n = 1. As we already mentioned, if kK =n — 1,
the square (8) is an arbitrary special pushout.

Thus, we assume that F' : (Ctypes:dr / 1)Op — Set is a special pullback preserving
functor, and that P a principal positive face structure of dimension n, 0 < k < n,
F preserves the pullback (8). Moreover, for n’ < n and the principal positive face

structure Q) of dimension n’, F' preserves the principal pullback in (Ctypes:f / 1)"1”:

a: Codh

dQ ——— @ dr-vQ Q"
= (n'—1) = *
pde u® pd Q pER

an,_lv* / Oén/’* an/_l,* W an/7*

an n’
We shall show that F preserves the pullPkaf}{) £Ctypes[f / 1)0pa
d(k+1) p* EP* 9)
'ud<k+1>P* p=2r
ak—i—l,* a*

d(kJrl),*
as well.

In the following diagram (most of the subscripts and some superscripts were
suppressed for clarity):

k+1),x
- g — 4T
A A
Br+1 I v
d(k+1),*
7i C(kJrl)P* D
A A
M d* q(k)+
d®) p* Iz
111 ‘ I
7
N d (k)=
ak—i—l,* - d ak,* - 047’*
d(k+l),*




all the squares and triangles commute. Moreover, F' sends the squares I, I, 111
to pullbacks in Set: I by Lemma 14.5, II by inductive hypothesis for k, 111 by
inductive hypothesis since dim(c*t1)P) < n.

Let f: X — F(d**YP*) and g : X — F(EaP*) be functions such that

F(ud® Py p = ") g

Since F' applied to I1 is a pullback in Set, and some squares and triangles in the
above diagram commute, there is a unique function hy : X — F(&@P) such that

hi; FA5) = £ F(Bppy); F(diuinp)  and b F(EF) =g (10)

To get a unique function hy : X — F(=2P*) such that
hos F(AEEE™) = f and  ho Fpg) = by (11)

we use the fact that F' sends I to a pullback in Set. The application of F' to the
diagram above will give the following diagram in Set, where we added the additional
functions f, g, h1, and ho:

f
\ (k+1),x
F(d(k-I-l)P*) FLJF) F(*) hy X
h
F(Bii) Flp)
| F(d(k+1),*) I
F(p) F(cH+Dpr) F(EmP*)
F(d*
@ o
F(N) F(d(k)P*) F(PJ) g
F(p)
, * , F(d®)> v
F(ak+1,*) F(d ) F(ak’*) ( ) F(Ozn’*) -]
F(d(k+1)’*)

Thus in order to verify that

Fi F(Brar) = ha; F(aED™)

and to get ho satisfying (11), it is enough to verify that

c ) p* ,¥ c *
Fi F(Bran); F(ue“ ") = hys F(AELD™) F(ue™ P (12)
Fi F(Brar); F(d iy p) = b F(AEED™): F(d i ) (13)

For (12), we have

clk+1) p* (k+1) p*
[ FBr)i F(pne ) = fF(p® ) =

_ g,F(d(k+1)’*) _ hl,F(M*)7F(d(k+1),*) _

a™ a™
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— hy; F@E) P(pe™ )

and for (13), we have
% k),x
FiF(Bry1); F(dgsn p) = ha; F(diip) =

k % *
= hy; FAED) F(dE ) p)-

By uniqueness of both hy and ho, ho is the unique function such that

h2§)’*:f and  ho; = =g

i.e. F sends (9) to a pullback in Set, as required. O

15 Yet another full nerve of the w-categories

Let S denote the category of simple w-categories introduced in [MZ]. It was proved
there that any simple w-category is isomorphic to one of form (a¥)* for some ud-
vector 4. In fact what we need here is that any simple w-category can be obtained
from those of form (a”)*, with n € w, via special pushouts.

As every simple w-category is a positive computype, we have an inclusion functor

k:S — Ctypest/!.

In [MZ] we have shown, that sPb(S, Set) the category of special pullbacks pre-
serving functors from the dual of S to Set is equivalent to the category w-categories.
We have in fact an adjoint equivalence

(-)
wCat ~ sPb(S8°P, Set)

—

(=) =wCat(~,—)

where

~

C:8% — Set

is given by R
C(A) =wCat(A,C),

where A is a simple category. We shall show

Proposition 15.1 The adjunction

Rany
Set®” i Set(Ctypesi/l)op
k*
restricts to an equivalence of categories.
Rany
sPb(S°P, Set) st((Ctypes:f/l)Op, Set)
k*

where st((Ctypes:f/l)"p, Set) is the category of the special pullbacks preserving func-

tors.

Proof. First we shall describe the adjunction in details.
The counit. Let G be a functor in sPb(S°, Set) , A a simple w-category. We
have a functor
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A
(k| A)yp T g0 G g

with the limit, say (LimG o4, 64). Then the counit (¢g)4 is

A
0'1A

(eq)a : (Rank(G) o k)(A) = Lim(G o )

G(A)

As k is full and faithful?, for any G, e¢ is an iso. Thus ¢ is an iso.

The unit. Let F' be a functor in st((Ctypes+/l)°p,Set), T a positive face
structure. We have a functor

T*
(k | T*)r T— S LCtypeer/ — Set

with the limit, say (LimF ok ol ,ol").

morphism into the limit:

Then the unit (ng)p+ is the unique

F(T* Rany ( Fok )(T™)
\ LimF o k onl
O’/ of
F(A F(B
» WD —Fg W
where the triangle in Ctypes,,
T*
a/ \b
A B
f

commutes.

Note that, as F' preserves special pullbacks, and any simple category can be
obtained from those of form a" with n € w, we can restrict the limiting cone
(LimF okon? ,0™") to the objects of form a”, with n € w.

After this observation we shall prove by induction on size of a positive face
structure T', that (np)r- is an iso.

If dim(T') < 1 then (ng)r~ is obviously an iso.

Suppose T is not principal, i.e. we have a € Sd(T) for some k € w. By inductive
hypothesis the morphisms

(MF)(rieyes  (NF)ew (piayss  (NF)(pra)-

are iso, and the square

Tl T

ck) () Tla

is a special pushout (see Proposition 6.2) which is sent by F' to a pullback. Hence
the morphism

()1 = (NF) (piay X (MF)(p1ay-

is indeed an iso in this case.

4This conditions translates to the fact that 14 is the initial object in (k | A)°? and therefore
that we have an iso o1, : LimG o 7 = G o 7 (14) = G(A).
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If T is principal and T' = (a™)* then the category (k | (a™)*)° has the initial
object 1(4n)+, so morphism

(F) (@my+ : F((@")") — Rany(F o k)((")")

is an iso.
Finally, let assume that T'(= P) is any principal positive face structure of di-
mension n. Thus, by Corollary 14.2, we have a principal pushout

d*
udP l'l'P
(@) — g (")’

which, by Theorem 14.3, is preserved by F. By induction hypothesis the morphisms
(MF)(rteyes  (NF)ew (riayes  (MF)(ra)s
are iso, so we have that the morphism

(nF)pe = (F)@pys < (NF)(an)*

is iso, as well. O

Corollary 15.2 We have a commuting triangle of adjoint equivalences
wCat

OGO

sPb((Ctypess'')P, Set) sPb(S?, Set)

ang

In particular the categories wCat and st((CtypesI / 1)°p , Set) are equivalent.

—

Proof. Tt is enough to show that in the above diagram k* o (/—\) = (—). But this
is obvious. O

16 A monadic adjunction

In this section we show that the inclusion functor e : Comp+/ L' wCat has a
right adjoint which is monadic.

First we will give an outline of the proof. Consider the following diagram of
categories and functors

Comp*/! € wCat

—_— | — — | —

=] =) =) =)

Lan;

sPb((Fst/1)or, Set) st((CtypesI/l)(’p, Set)

%

J
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where e is just an inclusion of positive-to-one computads into w-categories and j =
(—=)*: Fst/1 — Ctypes:f s an essentially surjective embedding. We have already
shown (Proposition 13.4, Corollary 15.2) that the vertical morphisms constitute two
adjoint equivalences. The proof that e has a right adjoint has two parts. First
we will check that the functor Lan;j(F'), the left Kan extension of a composition
pullbacks preserving functor F' preserves the composition pullbacks. Then we shall
check that the above square commutes, i.e. (—)oe = Lan; o (—). Thus reduces the
problem to check whether j* the left adjoint to Lan; is monadic.

Lemma 16.1 The functor of the left Kan extension
Lan; sPb((FsT/1)°P Set) — sPb((Ctypes/1)°P, Set)

is well defined, i.e. whenever F : (Fs+/1)0p — Set preserves special pullbacks so
does Lan;(F') : (Ctypes:,'/l)of’ — Set. Moreover, the above functor Lan; is the left
adjoint to

j* : sPb((Ctypes/ )P, Set) — sPb((Fst/1)°P, Set).

Proof. Note that once we will prove the first part of the statement the part
following 'moreover’ will follow immediately.

Fix F in sPb((Fs*/1)°P, Set) for the whole proof. First we shall describe the left
Kan extension along j in a more convenient then the usual way, c.f. [CWM]. Fix a
positive face structure S. Lan;(F')(S) is the colimit of the following functor

S
i 1§ (Fst/Myor Lt gy

i.e. Lani(F)(S) = (F o7r¥ o). Note however that if we have a map f :a — b in
j°? | S i.e. there is a commuting triangle

S*
a/ \b
17 5
1 f* 2
by Lemma 10.3 we can take the inner-outer factorizations of both a = a’; (a”)* and

b=1"V;(b")*, with a’ and ¥ inner. Hence, again by Lemma 10.3, there is a morphism
f':a’ — b/ which must be an iso. In this way we get a commuting diagram

oo gy N T
(a//)* { { (b//)*
Ty - - T3
which correspond to the following part of the colimiting cocone
- Lan;(F)(S)*
Oy Oy
G(T3) oF F(f) oF F(Ty)
F(a”) L {F(b//)
F(T; F(T5
() 7 (T:)
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Thus if there is a morphism between two objects in jP | S f : a — b, we have a
commuting diagram

/
a
a// \f’; %
a b
f
with @’ being the inner part of both a and b. Otherwise there are no comparison
maps. But this say, that in fact

Lan(F)(5) =11 F(T)

a:S*—T* inner

where the coproduct is taken over all (up to iso) inner maps with the domain S*,
with the coprojections as shown.

It h: ST — S5 is an w-functor and ag : S5 — T4 is inner, by Lemma 10.3, we
can form a diagram

si N, g
Ty Ty

(h')
with a; inner and (R')* outer. Lan;(h) is so defined that, for any /', a1, as as above,
the diagram
S*

Lany(F)(S3) = 11 F(Ty) — o p(1y)

a2:S3—T5 inner

Lan;(F)(h) F()

F(T)

La’nj (F)(Sf) = Ha1:ST—>T1* inner F(Tl) 5
Kai
commutes. This ends the description of the functor Lan;.

We shall use this description to show that Lan;j(F) preserves the special
pushouts.

So assume that S; and Sy are positive face structures such that c(k)(Sl) =
d®)(S,), i.e. we have a pushout

K1

S1

S15:52

k)
i

C(kr)(gl)

K2

SQ
k
dg'g)

in Fst/1. We need to show that the square
Lan;(F)(1)

Lan;(F)(51) Lan;(F)(S131,52)

Lanj(F)(c%)) Lan;(F)(k2)

Lan(F)(c®(8))) = Lan;(F)(S2)

k
Lan;(F)(dg))
is a pullback in Set, i.e. that the square
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Lan;(F) (1)

Ha:Sf—>T* inner F(T) ~ Ha:(sl;kSQ)*HT* inner F(T)

Lany(F)(c&;) Lany(F)(s2)
Ha:(c(k)(sl))*aT* inner F(T) ") Ha:S;HT* inner F(T)

Lan;(F)(dg,)
is a pullback in Set. So suppose we have

*
K/S

Tl € F(Tl) 1 Ha:Si‘HT* inner F(T>

*

xo € F(Tl)

Ha:Sf—>T* inner F(T)
such that i i
Lanj(F)(c%))(z1) = Lany(F)(dY))(x2)

i.e. we have a commutative diagram in Fst/1

( (k))* (d(k))*

% 51 (k) * _ (qk) * S2 *

S (c(51))" = (a7 (S2)) T
ai ap a2

T} T* < T;

such that
F(f1)(z1) = F(f2)(z2).

By Proposition 10.2,
c®ay = ag = dWay, 1= (C%))*, fy = (dgz))*

and the square

K1

Ty Th5p T
N K
T T
f2 ?
is a special pushout. We have a commuting diagram
St (S13:52)"
c
( 1) 2 aj + as
ajq
ao Y a2 \
I7 — (T1;;12)"
4 / 4
T ~T5
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where the bottom square is the above square, the top square is obvious. All the
horizontal morphisms are outer. Since a; and ag are inner, a;(S1) = 17 and ay(S2) =
T5 we have

(a1 + a2)(S1;k S2) = a1(S1);k a2(S2) = Ti;x To.

ie. ai+tag : (S1;.52)x — (T1;,T») is inner, as well. So in fact all vertical morphisms
in the above diagram are inner.
Suppose we have another inner map w and outer maps k7, k4 so that the squares

* *
K K
* 1 . * 2 *
ST (S13152) S5
al u a
* * *
K1 Ko

commute. A diagram chasing shows that

Lopk, IR Lopx, Ik
ap; f1; K1 = ao; fo; Ky

As inner-outer factorization is essentially unique, it follows that
x, Mk ek, Nk
Tiik1 = foi kg

By the universal property of the pushout (77;,7%)* we have an w-functor v :
(T3, T2)* — U™ such that

" /. "o I,
Iil :ﬁl,u, KZQ—K/Q,U
Then again by a diagram chasing we get
Kisu = ki; (a1 + az); v

for i« = 1,2. Hence by universal property of the pushout (S7;,52)* we have that
u = (a1+a2);v. But both u and (a; +a2) are inner so by uniqueness of factorization,
see Lemma 10.3, v must be an iso, as well. This means that if there is an = €

Ha:(sl;kSQ)*—)T* inner F(T) such that
Lani(F)(r1)(x) = x1, Lang(F)(k2)(x) = 2
it is necessary that z belongs to the summand of the coproduct with the index

(a1 + CLQ), i.e.
(S15%52)*

UAS F(Tlak TZ) (1 +az) > Ha:(Sl;ksz)*ﬁT* inner F(T)

But F' sends special pushouts in Fst/! to pullbacks in Set so the square
F /

F(f1)
F(T)

F(Th;,T?)

F(r3)

iy
is a pullback in Set. Thus indeed there is a unique x € F(T4;,T2) F(T) such that
F(k})(x) = x; for i = 1,2. This shows that Lan;j(F) preserves special pushouts. O
In the proof above we have described the left Kan extension Lan; in a special
way in terms coproducts. As it is a very important property the corollary below we

restate this description explicitly, for the record.
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Corollary 16.2 The functor
Lan; : sPb((Fs™/1)°P Set) — sPb((Ctypest/1)P, Set)

is defined for F € sPb((Fs™/1)?_ Set) as follows. For a positive face structure S we

have

S*
’%a

Lan;(F)(5*) = 11 B(T) B(T)

/

a:S*—T* inner

where coproduct is taken over all up to iso inner maps in Ctypes[f b with the domain
S*, with the coprojections as shown.
If h - ST — 55 is an w-functor and ag : S5 — T3 s inner, by Lemma 10.3, we

can form a diagram

S —h g

with ay inner and h' a face structures map, i.e. the map (h')* is outer. Lan;(h) is

so defined that, for any h, h', a1, as as above, the diagram
S*

Lany(F)(S3) = 11 F(Ty) — o2, F(Ty)

a2:S5—T5 inner

Lang(F)(h) (i)
Lanj (F)(ST) = Ha1:Si‘—>T1* inner F(Tl) S* F(Tl)
Kai
commutes. O
Lemma 16.3 The following square
Comp /L € wCat

e~ —

(=) (=)

Lan;

sPb((Fst/1)or, Set) st((Ctypes:f/l)Op, Set)

commutes, up to an isomorphism.

Proof. We shall define two natural transformations ¢ and 1 which are mutually
inverse, i.e. for a positive-to-one computad ) we define

YQ
Lan; (Comp™/'((—)*, Q)) wCat((-)", Q)
¥
Let a : S* — T* be an inner map and f : T* — A be a computad map, i.e. g
is in the following coproduct

g+
g € Comp*/!(T*,Q) —*— [lg_ g+ iuner Comp™/!(R*, Q)
Then we put
Po(g) = aig.
On the other hand, for an w-functor f: S* — @ € wCat(S*, Q), by Proposition
12.2.4, we have a factorization
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R S
N s
)

Ti(s

Then we put
Kfin
wQ(f) =T5(9) € Comp+/1(T;(S)’ Q) - HS*HR* inner Comp+/1(R*, Q)

The fact that these transformations are mutually inverse follows from the fact that
the above factorization is essentially unique.

The verifications that these transformations and natural is left for the reader.
O

Proposition 16.4 The functor
Lan; sPb((Fs™/1)°P Set) — sPb((Ctypest/M)°P, Set)
preserves connected limits.

Proof. This is an easy consequence of Lemma 16.2, where Lan; is described in
terms of pushouts. For preservation of connected limits it is sufficient to show that
wide pullbacks and equalizers are preserved. We shall sketch the preservation of the
binary pullbacks leaving the details and other cases to the reader.

So let

F x H G—G

|

F H

be a pullback in sPb((Fst/1)P, Set). Then we have, for any positive face structure
S, we have
Lani(F x5 G)(S*) = [I Fxu6)(T)=

a:S*—T* inner

= JI  F(T) xum GT) =

a:S*—T* inner

= I FOxq . ..o60 1 GO=

a:S*—T* inner a:S*—T* inner

= Lani(F)(S*) X pany(m)(s+) Lani(G)(S™)

as required. O
From Propositions 13.4, 16.4, Lemma 16.3 and Corollary 15.2 we get immediately

Theorem 16.5 The embedding functor
e: Comer/1 — wCat
preserves connected limits. O

‘We have
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Theorem 16.6 The functor
j* 1 sPb((Ctypest/1)P, Set) — sPb((FsT/1)°P, Set)
s monadic.

Proof. We are going to verify Beck’s conditions for monadicity. As j is es-
sentially surjective j* is conservative. By Lemma 16.1, the adjunction Lanj - j*
restricts to the above categories. So j* has a left adjoint. It remains to show that
st((Ctypesf: / 1)"p , Set) has coequalizers of j*-contractible coequalizer pairs and that
j* preserves them.

To this aim, let assume that we have a parallel pair of morphisms in
st((CtypesI/l)"p, Set)

F
A B
G
such that
Fi_y
A((=)") ¢ B((=)") Q

is a split coequalizer in st((Fs+/ 1o, Set), i.e. the following equations

s;q9 = 1g, G(,)*; q= F(,)*;q, t; F(,)* = 13((,)*), t; G(,)* =4q;s

hold.

We are going to construct a special pullbacks preserving functor C
(Ctypes;r/ 1)01" — Set and a natural transformation H : B — C so that the
diagram in st((Ctypes:f/l)Op, Set)

F
A p—H2 ¢
G

is a coequalizer, and H(_)- = gq.
The functor C' on a morphism f : 77 — T35 is defined as in the diagram

(/)

C(F) C(F)
Q(Th) Q(T»)
STy \ [CITQ
B(T7) W B(T3)

ie. C(T;) = Q(T;), for i = 1,2 and C(f) = spy; B(f); g, -

The natural transformation H is given by

Hp« = qr

for T € Fst/1.
It remains to verify that

1. C'is a functor;
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2. H is a natural transformation;
C((=)) =@;
Hiye = 4;

- W

5. C preserves the special pullbacks;

6. H is a coequalizer.

Ad 1. Let

+/1

be a pair of morphisms in Ctypes,,’ . We calculate

C(f);C(g) = s1y; B(f); a3 5123 B(9); a1 =
= s1y; B(f)itny; Gty B(9); ary =
=s1y; B(f)itr: A(9); Grysamy =
B(f)itr,; A(9); Fryiqry =
(f)itry; Fry; B(9); qry =
= s1y; B(f)itry; Fry; B(9)iars =
=s1y; B(f); B(9); 915 =
= s1y; B(f;9); a1, = C(f3 9)

i.e. C preserves compositions. If T" is a positive face structure, we also have

= ST

=sn; B

C(lr+) = s7; B(lr+); qr = st; 91 = 1o = lor)-

i.e. C preserves identities, as well.
Ad 2. Let f : 75 — 17 be a morphism in Ctypes,, /1 We have

B(f); Hry = B(f);ar, =

)
=t F(T7); B(f); an, =
= tr; A(f); F(T);
= try; A(S ) G(T3); am, =

=tr; G(I7); B(f); am, =
= qr; s B(f)ian, =
=qr; O(f) = Hry; C(f)
i.e. H is a natural transformation.

Ad 3. Let f : T — T} be a morphism in Fst/!. Thus q is natural with respect
to f. So we have

C(f*) = sr; B(f*)sar, = sty ar: Q(f) = 11 Q(f) = Q(f)

i.e. C_y» = Q. Note that we still don’t know that C' is in spr((CtypesH )P, Set).

Ad 4 H_y« = q holds by definition.

Ad 5. Since special pullbacks involve only the outer morphisms (i.e. those that
comes from Fst/ 1), and Q preserves special pullbacks so does C.

Ad 6. Finally, we shall show that H is a coequalizer. Let p : B — Z be
a natural transformation in st((CtypesH )P, Set) such that pF' = pG. We put
k=s;p:C — Z , so that we have a diagram

qn,
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p k=s;p

Z

We need to verify that k is a natural transformation in st((Ctypesf: / 1)"” , Set), such
that p = H; k. Then, the uniqueness of k will follows from the fact that ¢ is a split
epi. Let f: Ty — 17 be a morphism in Ctypesi /' Then

C(f);kry = 51y B(f); arys by =

= s1y; B(f); qys 815 p13p =

(f)stry; Gryspry =

(f)itry; Pryipry =
= s1y; B(f);pry =

= sty;pry; D(f) = kry; D(f)

i.e. k a natural transformation and hence H is indeed a coequalizer of F' and G in

st((CtypesI/l)Op, Set), as required. O

Combining the above theorem with Corollaries 13.5 and 15.2 we get

ZSTl;B
B

= ST;

Theorem 16.7 The nerve functor

—

(=) : wCat — sPb((Fs*/1)°P Set)
sending the w-category C to the presheaf
wCat((=)*,C) : (Fst/MP — Set

18 monadic.

17 Appendix

A definition of the positive-to-one computads and the comma categories

The notion of a computad was introduced by Ross Street. We repeat this def-
inition for a subcategory Comp+/ L of the category of all computads that have
indeterminates of a special shape, namely their codomains are again indeterminates
and their domains are not identities. We use this opportunity to introduce the no-
tation used in the paper. In order to define Comp+/ ! we define three sequences of

categories Comp, / L Comma’ / 1 and Comma,,.

1. For n = 0, the categories Compf{/1

and the functor (—)" : Comma;/!

, Comma,f/land Comma,, are just Set,

— Comp;/" is the identity.

n

2. For n = 1, the categories Commajg/l

and Comma,, are the category of
graphs (i.e. 1-graphs) and Compj{/ 1 is the category of free w-categories
over graphs with morphisms being the functors sending indets (=indetermi-

nates=generators) to indets.
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3. Let n > 1. We define the following functor
7rf{/1 : Compj/1 — Set
such that
mi/H(P) = {(a,b) s a € (Py = e(Pa-1)), b € |Ply, d(a) = d(b), c(a) = c(b)}

+/1

i.e. m,' (P) consists of those parallel pairs (a, b) of n-cells of P such that a is
not an identity and b is an indet. On morphisms o /1is defined in the obvious

way. We define Commaz -{11 to be equal to the comma category Set | o

So we have a diagram

/1

Comma:;/rl1
(=)<n | = Int1
“ pd
Comp,, v Set
Tn

4. For n > 1, we can define also a functor
m, : nCat — Set
such that
m™(C) ={(a,b) : a,b € Cp, d(a) = d(b), c(a) = c(b)}

i.e. m,(C) consists of all parallel pairs (a, b) of n-cells of the n-category C. We
define Comma,,;; to be equal to the comma category Set | m,. We often
denote objects of Commay,,; as quadruples C' = (|C|p41,C<np,d, c), where
C<y, is an n-category, |C|,41 is a set and (d, ¢) : |C|p41 — ™ (C<p) is a func-
tion. Clearly, the category Comma:;f1 is a full subcategory of Comma,, 1,
moreover we have a forgetful functor

Up+1 : (n+ 1)Cat — Comma,, 1
such that for an (n + 1)-category A
unJrl(A) - (AnJrla A§n> da C)

i.e. Uy forgets the structure of compositions and identities at the top level.
This functor has a left adjoint

Fnt1: Comma, 1 — (n+ 1)Cat

The category Fni1(|Bln+1,B,d,c) is said to be a free extension of
(|Bln+1, B,d,c) the n-category B by the indets |B|,+1. The category of
positive-to-one (n + 1)-computads Compj{f1 is a subcategory of (n + 1)Cat

whose objects are free extensions of objects from Comma:ﬁ. The morphisms

in Comp;r J/rll are (n+ 1)-functors that sends indets to indets. Thus the functor

Fn+1 restricts to an equivalence of categories
+/1 +/1

+/1
Foii: Comman_H — Coman,

its essential inverse will be denoted by

+/1 +/1
| = llntt Compnil — CommanJ/rl.

Thus for an (n + 1)-computad P we have ||P||p+1 = (|Pln+t1, P<n,d, ).
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5.

The category Comp™/! is the category of such w-categories P, that for every
n € w, P<, is a positive-to-one n-computad, and whose morphisms are w-
functors sending indets to indets.

For n € w, we have functors

| = |n : Comp™/! — Set
associating to computads their n-indets, i.e.

frA— B |fln:|Aln — |Bln,

they all preserve colimits. Moreover we have a functor

| —1: Comp™t/! — Set
associating to computads all their indets, i.e.

f:A— B |f|:|A| — B,

where

Al =TT Al

new

It also preserves colimits and moreover it is faithful.

6. We have a truncation functor
(—)<n : wCat — nCat
such that
f:A— B fep: Acp — B<y,
with k& € w, it preserves limits and colimits.
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pFst/1 8
wFst/1, 8
cell
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colimit
special, 26
composition
total - map, 55

decomposition

proper, 34
description of a cell, 40
disjointness, 3, 8

face
internal, 7
saddle -, 34
unary, 7
face structure
n--,8
positive
normal -, 8
principal -, 8
positive -, 7
weak positive -, 8
free extension, 75

globular
k-, 56
globularity, 3, 7
globularization
k-, 56

hypergraph
positive -, 6
positive - morphism, 6

linearity
0- -, 8
Dl 8

pencil -, 8
map

inner -, 42

outer -, 42

total composition -, 55

morphism

orde
lower, 3, 7
upper, 3, 7

positive hypergraph -, 6

T

path

in X, 10
lower, 7
maximal, 13
upper, 7

pencil

linearity, 3, 8

positive

computype, 42

principal pushout, 55
pushout

principal, 55
special - , 26

simple extension, 30

size

spec

of positive face structure, 8

ial
colimit, 26
pushout, 26

strictness, 3, 8
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